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SUMMARY 


This  report  contains  background  material  for  the  design  of 
the  blade  actuator  system,  the  blade  retention  and  the  pro¬ 
peller  hub.  Included  is  a  comparison  of  the  various  actuation 
systems  that  have  been  used,  including  the  details  of  their 
operation,  and  the  advantages  as  well  as  the  disadvantages  of 
each  type.  The  design  of  the  blade  retention  is  discussed, 
including  the  integral  blade  bearing  type.  Also  covered  is 
the  design  consideration  used  for  the  layout  of  the  hub. 

The  background  theory  for  the  design  of  propeller  control 
systems  is  presented,  including  a  development  of  block  flow 
diagrams,  engine  propeller  control  loops  and  calculation  of 
transfer  function  derivatives.  The  propeller  control  system's 
characteristics  are  considered  with  the  engine  and  propeller 
response,  block  diagrams  and  control  system  elements.  Pro¬ 
portional  control,  integral  control  and  the  proportional  plus 
integral  control  system  are  also  discussed.  Controls  for 
special  functions  such  as  phase  synchronizing  are  covered. 
Finally,  new  types  of  adaptive  propeller  controls  are  con¬ 
sidered  for  advanced  types  of  installations. 

For  background  information  a  number  of  past  propeller  instal¬ 
lations  are  covered.  In  this  light,  considerations  of  new 
applications  are  discussed  with  the  factors  needed  to  prevent 
some  of  the  problems  encountered  m  the  past.  The  type  of 
future  propellers  to  be  considered  is  also  discussed. 

As  no  technology  can  remain  static  and  still  be  used,  the 
recommendations  for  additional  propeller  research  are  also 
covered. 

The  appendixes  contain  the  propeller  design  criteria,  airfoil 
data  for  performance  analysis  and  an  outline  for  a  computer 
program  to  calculate  propeller  performance. 
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HUB  AND  BLADE  ACTUATOR  DESIGN 


INTRODUCTION 

The  propeller  hub  with  the  actuator  for  changing  the  blade 
angle  generally  comprises  approximately  50  percent  of  the 
weight  of  the  system.  The  hub  must  retain  the  blade  and  react 
the  forces  to  the  airplane  structure.  The  blades  must  be  re¬ 
tained  in  the  hub  so  that  the  blade  actuation  system  can  rotate 
then  about  their  centerline  to  obtain  the  desired  blade  angle. 
Generally  the  blade  angle  travel  must  cover  the  range  from 
reverse  to  feather,  which  is  approximately  115  degrees.  The 
blade  actuator  must  have  the  capability  to  provide  the  rate  of 
pitch  change  necessary  to  satisfy  the  control  system  require¬ 
ments  of  the  propeller. 

Since  the  hub  and  blade  actuator  are  important  elements  of  the 
propeller  and  make  up  a  large  portion  of  the  weight,  the  vari¬ 
ous  types  will  be  discussed.  Included  in  this  section  will  be 
the  design  consideration  and  detailed  descriptions,  including 
the  advantages  and  disadvantages  of  each  system. 


BLADE  ACTUATOR  TYPES 

The  blade  actuation  system  is  considered  to  be  synonymous  with 
the  pitch  changing  mechanism,  which  is  defined  by  MIL-P-5447, 
Reference  1,  as  follows:  "The  pitch-changing  mechanism  is 
defined  as  compromising  all  the  components  needed  to  translate 
the  pitch-changing  power  into  angular  blade  movement." 

There  are  many  types  of  blade  actuation  systems  possible;  how¬ 
ever,  only  the  following  are  discussed  in  detail. 


Electric  Kotor/Speed  Reducer  Type  -  This  type  of  system  was 
used,  and  is  still  in  use,  on  aircraft  powered  by  reciprocating 
engines.  Typical  aircraft  employing  this  system  include  the 
C-54,  DC-6,  DC-7,  CV-240,  1049,  P-47,  B-29. 


Electromechanical  Clutch  Type  -  This  is  the  type  of  system 
used  on  aircraft  powered  by  turboprop  engines.  Typical  air¬ 
craft  employing  this  system  include  the  C-130  and  C- 133.  The 
forerunner  of  this  type  was  the  hyromechanical  clutch  used  on 
the  B-36  reciprocating  engine  installation. 


Hydromechanical  Type  -  This  is  the  type  of  system  designed 
specifically  for  VTOL  type  aircraft  and  was  used  on  the,X-19 
aircraft. 


RELATIVE  ADVANTAGES  OF  BLADE  ACTUATION  SYSTEMS 

Each  of  the  blade  actuation  systems  above  was  developed  to 
satisfy  the  requirements  imposed  by  the  advances  in  engine 
technology/aircraft  performance  of  that  particular  era: 


Blade  Actuation  System 
Electric  motor/speed  reducer 
Electromechanical 
Hydrcmechanical 


Engine  Technology 
Reciprocating 
Turboprop 

Turboprop/V/STOL  A/C 


Therefore,  any  comparison  of  these  systems  (an  terms  of  ad¬ 
vantages/disadvantages)  must  consider  the  demands  of  advancing 
engine  technolegy/aircraft  performance  on  the  design  of  blade 
actuation  systems. 

The  electric  motor/speed  reducer  blade  actuation  system  was 
developed  for  propellers  on  reciprocating  engines  where  the 
need  for  high  rates  of  pitch  change  were  relatively  low, 
approximately  1  to  3  degrees  per  second. 

A  competitive  hydraulic  actuating  system  was  also  used  on  pro¬ 
pellers  4or  reciprocating  type  engines.  Blade  angle  change 
was  accomplished  by  an  increase  or  decrease  pressure  in  the 
governor  oil.  The  high  pressure  engine  oil  from  the  governor 
was  balanced  by  oil  pressure  from  the  engine  and  the  centrifu¬ 
gal  blade  twisting  moment  when  holding  a  constant  blade  angle. 
Reference  2  .  Although  this  system  was  relatively  simple 

in  operation,  difficulty  was  experienced  at  high  altitude, 
as  the  oil  tended  to  freeze  causing  poor  operation.  The 
design  of  the  hydraulic  propeller  was  also  poor  from  main¬ 
tenance  considerations,  as  complete  dissassembly  was  required 
for  the  removal  of  a  blade. 

The  advantage  of  the  electric  propeller  blade  actuator  system 
was  its  high  altitude  operating  characteristics.  Further,  this 
system  made  possible  designs  where  the  component  parts  such  as 
the  blades  could  be  easily  changed  thus  leading  to  good  main¬ 
tenance  characteristics.  This  type  of  actuator  also  made  it 
possible  to  easily  develop  the  blade  angle  reversing  feature 
to  provide  negative  thrust  to  reduce  the  landing  distance; 
earlier,  this  feature  was  considered  to  be  an  important  advantage. 

One  of  the  main  difficulties  with  the  electric  motor  actuating 
system  was  its  limitation  in  terms  of  pitch  change  rate  and 
torque  output.  This  limitation  led  to  the  clutch  type  propel¬ 
ler  actuating  system  for  use  on  the  larger  propellers  and 
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turboprop  installations.  The  other  disadvantages  were  due  to 
brush  wear  at  high  altitudes  and  the  usual  problems  with  reli¬ 
ability  of  a  system  with  a  large  number  of  mechanical  pieces. 

The  development  of  high  power  turbo-propeller  engines  led  to 
the  requirement  for  larger  propellers  with  a  corresponding 
increase  in  power  required  for  pitch  change.  The  rate  of  pitch 
change  was  also  higher  than  with  reciprocating  engines  due  to 
their  tighter  overspeed  and  over-temperature  limits,  especially 
with  the  coupled  engine.  In  addition,  the  throttle  and  power 
transients  were  especially  critical  during  a  rejected  landing 
maneuver.  These  requirements  for  the  coupled  turboprop  engine 
led  to  pitch  change  rates  of  15  to  25  degrees  per  second. 

To  meet  the  pitch  change  requirements  of  the  turboprop  engine, 
propellers  were  designed  with  either  all  mechanical  or  hy¬ 
draulic  pitch  change  actuators.  The  propeller  using  the  mech¬ 
anical  actuator  obtained  the  power  directly  from  the  rotation 
shaft  through  the  use  of  clutches.  As  a  result  sufficient 
power  for  pitch  change  could  easily  be  obtained,  the  limit 
being  only  a  function  of  the  size  of  the  clutches. 

Although  very  high  rates  of  pitch  change  and  torque  can  be 
developed  with  the  clutch  type  of  propeller  the  complication 
and  large  number  of  parts  required  lead  to  high  costs  and  poor 
reliability.  The  system  is  also  poor  from  the  maintenance 
standpoint  as  the  clutches  and  the  large  number  of  gears  and 
bearings  need  frequent  attention.  From  a  failure  standpoint 
the  clutch  propeller  was  somewhat  better  than  the  hydraulic 
type  as  the  blade  remained  in  fixed  pitch.  However,  because 
of  the  many  problems  in  development  the  clutch  type  blade 
actuator  was  used  for  only  a  few  installations  such  as  the 
B-36  and  C-133  airplanes. 

Generally  the  hydraulic  propellers  designed  for  turboprop 
engines  had  a  lower  pitch  change  rate  than  the  clutch  type. 

This  was  considered  a  major  disadvantage,  especially  for  the 
coupled  turboprop  engine.  However,  in  spite  of  the  lower  pitch 
change  rate  and  the  usual  problems  with  a  hydraulic  system, this 
system  proved  to  be  superior  to  all  mechanical  propellers. 

With  the  development  of  the  integral  hydraulic  type  of  blade 
actuator, the  problems  of  some  of  the  earlier  hydraulic  types 
were  eliminated.  The  full  range  of  pitch  change  from  reverse 
to  feather  is  obtained  with  the  later  design, with  satisfac¬ 
tory  rates  of  pitch  change.  The  use  of  various  types  of 
mechanical  stops  has  also  been  developed  so  that  the  system  is 
protected  in  the  case  of  a  complete  hydraulic  system  failure. 
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The  propeller  blade  angle  control  requirements  for  V/STOL 
aircraft  lead  to  actuation  systems  with  a  much  greater  degree 
of  safety  and  reliability  than  was  needed  with  previous  de¬ 
signs.  In  the  case  of  V/STOL  aircraft  the  propeller  is  used 
for  hover  height  and  roll  control  and  thus  the  blade  actuation 
system  becomes  a  primary  flight  control.  This  control  function 
leads  to  a  requirement  for  a  highly  reliable  system.  Also, 
the  height  and  roll  control  function  must  be  phased  out  during 
the  conversion  maneuver  as  the  control  characteristic  at  cruise 
is  different  than  at  hover.  For  this  reason  additional  compli¬ 
cation  in  the  control  system  is  encountered  compared  with  con¬ 
ventional  propellers. 

At  the  cruise  condition  the  propeller  control  of  V/STOL  air¬ 
craft  is  like  that  of  conventional  airplanes  except  the  system 
must  be  much  more  sensitive.  This  is  due  to  the  use  of  over¬ 
sized  propellers  to  satisfy  the  hover  requirement.  A  blade 
angle  range  of  one  degree  between  zero  and  full  power  at 
cruise  is  not  unusual  for  V/STOL  propellers. 

Because  of  the  difference  in  control  requirements  between  con¬ 
ventional  and  V/STOL  airplanes  the  improved  actuator  systems 
were  required.  At  the  hover  condition  the  use  of  a  follow-up 
stop  that  allowed  less  than  a  degree  change  of  blade  angle  was 
found  to  be  unsafe,  therefore,  it  became  necessary  to  design 
propellers  with  dual  actuator  systems.  The  dual  actuators 
were  designed  to  be  as  completely  separate  as  possible  so  that 
a  failure  of  one  would  not  induce  a  failure  of  the  other.  Only 
hydraulic  systems  were  considered  for  the  dual  actuator  V/STOL 
propellers  as  these  appeared  to  be  the  simplest. 

Since  the  propeller  is  used  as  a  primary  flight  control,  the 
question  of  the  use  of  the  aircraft  hydraulic  system  or  a 
separate  integral  propeller  system  must  be  answered.  If  air¬ 
craft  hydraulics  are  used  the  system  already  has  the  degree 
of  redundancy  needed.  However,  problems  are  encountered  with 
the  aircraft  system  due  to  contamination  and  the  transfer  of 
the  fluids  to  the  rotating  propeller.  With  the  use  of  a  separ¬ 
ate  propeller  hydraulic  system  ,the  propeller  becomes  self  con¬ 
tained  with  its  own  pumps,  etc.,  and  this  is  considered  to  be 
a  definite  advantage. 
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The  electric  motor/speed  reducer  blade  actuation  system  (see 
Figure  1  )  consists  of  the  following  major  elements:  a  power 
unit,  including  a  reversible  electric  motor  (1),  a  brake  (2), 
and  a  speed  reducer  (3),  containing  two  stages  of  double 
planetary  reduction  gearing?  and  the  power  gear  assembly  (4), 
which  includes  the  master  bevel  gear  that  meshes  with  the 
blade  gear  (5)  attached  to  the  shank  of  each  blade. 

The  electrical  energy  for  operating  the  blade-angle-change 
motor  comes  from  the  electrical  power  supply  of  the  airplane 
to  the  control  system  of  the  propeller  through  switches  located 
in  the  cockpit.  From  this  point,  the  current  passes  through 
brushes  mounted  in  a  housing  fixed  to  the  engine  nose  to  the 
slip  rings  attached  to  the  rear  of  the  propeller  hub  and  from 
there  through  connector  rods  to  cam-operated  cut-out  switches 
located  in  the  power  unit,  then  to  the  blade-angle-change  motor. 
A  speed  reducer  is  used  to  convert  the  high  rotational  speed 
of  the  electric  motor  into  a  slower  but  more  powerful  turning 
force  which  is  transmitted  to  the  blades  through  the  power 
gear.  The  angle  of  the  blades  is  increased  or  decreased,  as 
required,  depending  upon  the  direction  of  rotation  of  the  elec¬ 
tric  motor.  The  brake  attached  to  the  front  end  of  the  elec¬ 
tric  motor  stops  the  rotation  of  the  motor  when  the  blade- 
angle-changing  current  is  cut  off,  and  locks  the  propeller 
blades  in  a  fixed  position  when  no  blade  angle  change  is  in 
progress. 


Motor  Assembly 

As  compared  to  conventional  motors,  the  design  of  the  pitch 
change  motor  is- extremely  specialized  due  to  the  following 
contributing  factors : 

a.  Propeller  rotation  -  The  centrifugal  effects  of  rotation 
of  the  entire  motor  requires  careful  design  of  the  motor 
commutator  and  brush  mechanism  to  insure  proper  commuta¬ 
tion. 

b.  Vibration  -  125  G's  at  240  cps  is  used  as  a  design  speci¬ 
fication.  This  requires  extreme  care  and  special  design 
of  structure,  winding  retention,  coil  connection,  bearing, 
etc. 


c.  Operating  requirements  -  Idealized  operation  should  be  as 
follows: 


1.  Increase  pitch  -  constant  speed  over  a  wide  load 
range. 

2.  Decrease  pitch  -  constant  speed  over  a  wide  range 
of  overhauling  load. 

3.  Feather  -  4  to  5  times  the  speed  of  increase  pitch 
under  the  same  load  conditions. 

4.  Reverse  -  rapid  acceleration  to  as  high  a  speed  as 
possible  under  loads  changing  from  moderate  over¬ 
hauling  to  opposing. 

A  reversible  series  motor  has  been  determined  which  best  meets 
pitch  change  requirements. 


Brake  Assembly 

The  pitch  change  motor  brake  assembly  must  accomplish  two 
functions.  First,  it  must  be  capable  of  holding  the  blade 
angle  at  any  position  when  the  pitch  change  motor  is  not  ener¬ 
gized,  and  second,  it  must  be  capable  of  stopping  pitch  change 
upon  de-energization  of  the  pitch  change  motor  with  a  minimum 
of  overrun.  The  brake  is  energized  (released)  by  the  energi¬ 
zation  of  a  flat-faced  type  lifting  magnet  which  moves  the 
armature  away  from  the  brake  disc.  The  disc,  which  is  splired 
to  the  pitch  change  motor  shaft,  is  thus  released  and  pitch 
change  is  permitted.  Upon  de-energization  of  the  motor  the 
magnet  armature  is  released,  thus  champing  the  brake  disc  be¬ 
tween  opposing  plates  and  providing  braking  action.  In  the 
design  of  the  brake,  the  coil  and  magnetic  circuit  must  be 
chosen  such  that  the  voltage  drop  across  the  coil  is  held  to 
a  minimum  and  such  that  the  brake  will  operate  and  release  at 
proper  current  values  in  relation  to  motor  operating  currents. 


Speed  Reducer 

The  speed  reducer  consists  of  two  stages  of  double  planetary 
reduction  gearing.  It  is  designed  for  an  output  torque  capac¬ 
ity  that  will  equal  or  exceed  the  total  twisting  moment  gener¬ 
ated  by  the  propeller  blades  for  the  takeoff  rpm  condition, 
and  with  the  blades  at  the  blade  angle  for  maximum  twisting 
moment.  Speed  reducer  designs  have  covered  output  torque 
capacities  ranging  from  65,000  in. lb  and  reduction  ratios 
varying  from  approximately  5000:1  to  7500:1.  Speed  reducer 
efficiency  is  in  the  order  of  60  to  7054. 
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The  pitch  change  range  of  the  electric  type  propeller  is  con¬ 
trolled  by  cam-operated  limit  switches.  Generally, four  such 
switches  are  used  and  are  set  so  that  the  operation  would  be 
within  the  proper  blade  angle  range.  The  normal  operating 
range  was  controlled  electrically  between  the  high  and  low 
blade  angle  stops  or  switches.  The  low  pitch  stop  was  set  at 
the  blade  angle  required  for  full  takeoff  power  and  the  high 
speed  stop  was  set  to  correspond  to  the  highest  blade  angle 
needed  at  the  high  speed  flight  condition. 

The  low  pitch  switch  was  by-passed  when  it  was  desired  to  go 
to  a  reverse  pitch  blade  angle  required  for  negative  thrust. 

The  reverse  pitch  limit  switch  controlled  the  magnitude  of  the 
maximum  negative  blade  angle.  Likewise  the  high  pitch  stop 
was  overridden  when  it  was  necessary  to  feather  the  propeller. 
The  feather  limit  switch  controlled  the  feather  angle. 

The  propeller  system  was  therefore  protected  from  electrical 
type  failures  in  the  governor  and  airframe  since  any  hard  over 
signal  would  be  overridden  by  the  high  and  low  pitch  limit 
switches.  The  system,  however,  was  not  protected  by  mechanical 
failures  such  as  those  in  the  brake.  Since  the  blade  will  go 
toward  the  negative  angle  due  to  the  high  centrifugal  twisting 
moment  if  the  brake  fails,  a  dangerous  condition  existed  with 
the  electrical  type  propeller.  This  condition  could  be  elim¬ 
inated  with  positive  mechanical  stops  or  with  counterweights 
which  would  prevent  the  blade  angle  from  going  toward  low 
pi*-ch  by  balancing  the  centrifugal  twisting  moment. 


ELECTROMECHANICAL  CLUTCH  TYPE  BLADE  ACTUATION  SYSTEM 
General 

The  electrically  actuated  mechanical  clutch  type  blade  actu¬ 
ation  system  obtains  power  to  change  pitch  from  the  rotation 
of  the  propeller  shaft,  and  this  power  is  transmitted  through 
these  clutches  and  suitable  gearing  to  the  primary  blade  angle 
turning  system.  This  primary  system  consists  of  worms  mounted 
in  the  hub  and  driving  matching  worm  gears  splined  to  the  blade 
shanks.  The  pitch  change  mechanism  is  contained  in  a  stationary 
housing  between  the  rotating  hub  and  the  engine  nose  section. 

During  normal  operation,  in  response  to  a  control  signal  for  a 
pitch  change,  electric  power  simultaneously  disengages  a  multi¬ 
ple  disc  brake  and  energizes  one  or  the  other  of  two  mechanical 
clutches  to  raise  or  lower  blade  angle  as  required.  The  clutch, 
through  a  system  of  gears,  enables  power  from  the  propeller 
shaft  to  be  delivered  to  the  worm  and  blade  gearing^in  the  ro¬ 
tating  hub.  When  the  control  cycle  is  terminated,  electric 
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power  is  no  longer  supplied  to  the  clutches  and  brake,  causing 
the  clutches  to  disengage  and  the  brake  to  engage  and  lock  the 
blades  in  fixed  pitch. 

Limit  switches  are  also  provided  as  in  the  electric  motor 
actuator  propeller  to  limit  blade  angle  travel  to  the  required 
operating  ranges.  Such  limits  are  provided  at  feather,  flight 
idle,  flight  low  pitch,  air  start,  normalizing  and  reverse. 
Additional  stops  can  be  designed  into  the  system  if  required. 

An  electric  motor  is  provided  for  completion  of  the  feathering 
cycle,  initiation  of  unfeathering  and  operation  under  static 
conditions. 

All  blade  angle  changes  above  approximately  25%  rated  propel¬ 
ler  rpm  are  obtained  through  the  action  of  the  clutches,  while 
changes  below  this  speed  are.  accomplished  by  the  electric 
motor.  Shifting  between  electric  motor  and  clutch  operation 
is  accomplished  automatically  through  the  use  of  a  centrifugal 
switch  in  the  propeller. 

Self-contained,  low-pressure  oil  lubrication  for  the  gearing, 
clutches,  and  for  the  governor  is  provided  by  a  small  cen¬ 
trifugal  pump  which  is  submerged  in  the  oil  sump  formed  by 
the  lower  portion  of  the  nonrotating  housing. 

The  operation  of  the  entire  system  is  free  of  fluid  pressure 
devices  and  is  thus  unaffected  by  ambient  temperature  or 
pressure  extremes. 


Details  of  Operation 

Referring  to  Figure  2  ,  two  electrically  energized  clutches 
are  used  during  normal  flight  operation,  one  for  increase 
(1)  and  one  for  decrease  (2)  pitch  actuation.  When  a  con¬ 
trol  signal  actuates  one  of  these  clutches,  it  also  disengages 
the  fixed  pitch  brake  (3).  The  gearing  from  the  propeller 
shaft  (4)  is  then  coupled  through  the  actuated  clutch  and  the 
intergearing  movable  ring  gear  (5)  to  the  inter-gearing 
spider/planetary  gearing  assembly  (8).  The  inter-gearing 
assembly  enables  energy  to  be  transmitted  from  the  stationary 
pitch  changing  mechanism  to  the  rotating  hub.  During  fixed 
pitch,  the  brake  (3)  is  engaged  and  the  fixed  sun  gear  (6) 
rotates  with  the  propeller  shaft  and  hub,  while  the  fixed 
ring  gear  (9)  and  movable  ring  gear  (5)  remain  stationary. 

The  planet  gears  (8)  which  are  meshed  with  the  fixed  ring 
gear  (9)  and  the  movable  sun  gear  (7),  rotate  with  the  hub. 
When  power  is  transmitted  by  clutch  actuation  to  the  movable 
ring  gear  (5),  it  rotates  in  relation  to  the  fixed  ring  gear 
(9).  This  change  of  relationship,  acting  through  planet  gears 
(8),  causes  the  movable  sun  gear  (7)  to  rotate  m  relation  to 
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to  the  hub.  The  movable  sun  gear  (7)  is  coupled  to  the  blade 
gear  (12)  through  the  worm  drive  pinion  gear  (10)  and  worm 
gear  (11).  The  blade  gear  is  splined  to  the  blade.  Upon  com¬ 
pletion  of  the  control  signal,  the  clutch  disengages  and  the 
brake  (3)  engages  to  maintain  the  adjusted  blade  angle. 

When  the  propeller  is  stopped  or  turning  slowly,  an  electric 
feather  motor  (13)  completes  pitch  change.  When  power  is  sup¬ 
plied  to  the  feather  motor,  which  is  normally  disengaged  from 
the  gearing  by  the  feather  motor  clutch  (14),  this  clutch 
couples  the  motor  to  the  movable  ring  gear  (5).  The  electric 
brake  (3)  is  released  when  power  is  supplied  to  either  pitch- 
change  clutch  (1)  or  (2)  or  the  electric  feather  motor  (13). 


Clutch  Design 

The  heart  of  the  electromechanical  clutch  type  propeller  is, 
of  course,  the  clutches.  The  design  shafting  and  gearing 
necessary  to  transmit  the  power  from  the  clutches  is  straight¬ 
forward,  and  standard  aircraft/engine  procedures  are  used. 

The  clutches,  however,  must  be  designed  to  work  over  thousands 
of  cycles  without  problems  during  the  lift  cycle  of  the  propel¬ 
ler,  and  therefore  require  special  attention. 

Two  types  of  clutch  systems  were  used  on  the  electrical- 
mechanical  propeller:  (1)  a  high-speed  low-torque  type,  and 
(2)  a  low-speed  high-torque  type.  The  low-speed  type  was  the 
more  successful  of  the  two  and  was  used  on  the  C-133  airplane. 

The  main  clutches  used  in  the  system  are  of  the  disc  type  with 
the  number  of  plates  based  on  the  output  torque  required.  A 
drag  type  disc  clutch  is  used  to  engage  the  main  clutch  through 
a  force  multiplier  which  applies  the  necessary  axial  pressure 
for  engagement.  This  drag  clutch  is  energized  by  a  small  fixed 
24-volt  DC  electric-magnet. 

The  design  torque  requirements  of  the  clutches  depend  on  the 
blade  design  as  discussed  in  previous  sections  and  the  rate  of 
pitch  change  required.  Pitch  change  rates  in  excess  of  20 
degrees  have  been  used  with  this  system  at  rated  propeller  rpm 
which  corresponds  to  over  30  horsepower. 

For  the  desired  action  of  the  clutches  the  proper  friction 
materials  must  be  selected.  The  action  of  the  material  sur¬ 
faces  used  will  depend  on  speed,  unit  pressure,  temperature, 
lubrication,  wear,  material  heat  transfer  and  the  surface 
finish.  A  sintered  metal  surface  operating  against  steel  and 
oil  lubricated  has  been  found  to  be  suitable  for  use  in  the 
disc  clutches.  This  combination  of  materials  gives  the  desired 
type  of  engagement  as  a  function  of  speed  and  pressure  along 
with  the  wear  characteristics  needed  for  long  life. 
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HYDROMECHANICAIj  BLADE  ACTUATION  SYSTEM 

The  hydromechanical  pitch  change  mechanism  considered  here  is 
contained  within  a  nacelle  gearbox.  A  simple  schematic  is 
shown  in  Figure  3  .  The  nacelle  gearbox  also  provides  for 
mounting  of  the  propeller  and  connection  to  the  engine  driven 
transmission. 

The  propeller  pitch-change  system  is  comprised  of  an  integral 
hydraulic  power  unit  which  contains  two  independent  nacelle- 
oil  pressure  systems.  No  connections  to  the  aircraft  hydraulic 
system  are  required.  The  power  unit  assembly  includes  two 
tandem  pistons  (1  and  2),  two  hydraulic  pump  assemblies  (3  and 
4),  two  oil  reservoirs  (5  and  6),  a  control  rod  and  valve 
assembly  (7),  and  suitable  links  (8)  for  attachment  of  the 
blade  levers  (9)  to  the  front  piston  (1). 

Propeller  pitch-change  is  accomplished  by  two  mechanically- 
coupled  single-acting  pistons  having  independent  hydraulic 
systems.  The  pistons  are  single  acting  in  that  high  pressure 
oil  provides  the  force  to  drive  the  blade  angle  in  the  increase 
pitch  direction.  Blade  centrifugal  twisting  moment  provides 
the  force  to  drive  the  blade  angle  in  the  decrease  pitch  direc¬ 
tion.  Blade  angle  change  results  from  a  transfer  of  the  piston 
assembly  motion,  through  a  link  assembly,  to  a  lever  which  is 
splined  to  the  blade  shank.  The  pitch-change  hydraulic  system 
is  basically  a  position  follow-up  mechanism  in  which  the 
pistons  follow  valve  displacement  at  approximately  the  same 
rate  while  delivering  the  force  required  for  pitch-change. 

Valve  displacement  corresponds  to  desired  blade  angle,  and 
piston  displacement  corresponds  to  actual  blade  angle.  The 
pistons  move  to  balance  themselves  across  the  valve  ports  for 
any  given  blade  angle  until  both  blade  loading  and  piston 
pressure  are  in  equilibrium. 

Both  hydraulic  systems  operate  in  the  same  manner,  i.e.,  at  a 
given  control  signal,  oil  flows  into  each  piston  from  indepen¬ 
dent  high-pressure  pump  assemblies,  at  a  constant  rate  until 
the  desired  blade  angle  is  achieved.  Oil  is  exhausted  through 
the  dual  control  valves  to  each  sump.  The  valves  monitor 
piston  pressures  by  metering  the  orifices. 

Isolation  of  the  hydraulic  systems  is  obtained  in  the  following 
manner : 

1.  The  front  piston  system  functions  as  follows: 

Oil  is  placed  into  the  hub  which  acts  as  the  sump  for  the 
front  piston  system.  This  oil  enters  the  cylinder  of  the 
forward  hydraulic  system  through  one  of  the  two  pump  assem¬ 
blies  and  is  ported  through  one  of  the  two  control  valves 
back  into  the  hub.  After  being  cooled  in  the  hub,  the  oil 
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returns  to  the  rotating  sump  provided  in  the  pump  housing, 
which  feeds  the  oil  bach  into  the  pumps. 

2.  The  rear  piston  hydraulic  system  functions  as  follows: 

Oil  enters  this  cylinder  from  the  other  pump  assembly  and 
is  exhausted  through  its  control  valve  into  the  nacelle 
housing  where  it  is  cooled.  A  scavenge  and  lubrication 
pump  mounted  in  the  nacelle  housing  delivers  oil  to  the 
rear  piston  rotating  sump  assembly  which  feeds  the  pitch- 
change  pumps  to  complete  the  hydraulic  circuit. 

Rotation  of  both  sump  assemblies  acts  to  eliminate  en¬ 
trapped  air  in  the  oil  while  serving  as  a  centrifugal  pump 
to  supply  primed  oil  to  the  pitch-change  pumps.  The  scav¬ 
enge  pump  also  supplies  lubrication  to  the  propeller  mount¬ 
ing  tearing,  the  bevel  gear  set,  and  retention  bearings. 

Each  pitch-change  pump  assembly  consists  of  three  pumps 
of  vane  type  which  are  mounted  in  a  single  housing.  This 
housing  is  mounted  in  the  hub,  so  it  rotates  at  propeller 
speed.  A  pinion  gear,  which  meshes  with  an  internal  fixed 
ring  gear,  is  attached  to  each  pump  shaft.  Each  of  the 
three  pumps  in  a  system  is  meshed  to  one  of  two  fixed  ring 
gears.  Power  to  drive  the  pumps  is  obtained  from  propeller 
rotation  since  the  pumps  and  pinion  gears  revolve  as  a  unit 
within  their  respective  fixed  ring  gears. 

A  pivoted  torque-reaction  bar,  for  the  two  fixed  ring  gears, 
is  installed  m  the  nacelle  together  with  two  micro¬ 
switches.  A  loss  of  hydraulic  pressure  in  either  system 
results  in  an  unbalanced  reaction-torque  on  the  ring  gears, 
causing  movement  of  one  gear  relative  to  the  other.  This 
gear  movement  actuates  one  of  the  microswitches  and  closes 
an  electrical  circuit  to  an  indicator  light,  indicating 
"loss  of  hydraulic  pressure." 


Controls 


Pitch-change  signals  to  the  propeller  are  a  push/pull,  blade 
angle  desired,  signal.  This  signal  is  transferred  through  a 
series  of  bellcrank  linkages  and  converted  into  a  linear  fore- 
and-aft  control  rod  and  valve  motion.  Each  of  the  two  pitch- 
change  control  valves  is  mounted  on  the  end  of  a  differential 
team.  A  mechanically  operated  relief  valve  is  located  aft  of 
each  control  valve,  in  the  valve  assembly.  Each  relief  valve 
is  capable  of  relieving  pressure  from  one  system  when  actuated 
by  the  control  valve  of  the  other  system.  During  normal  pro¬ 
peller  operations,  with  both  pistons  and  valves  operating, 
there  is  insufficient  movement  of  either  valve  to  trigger  the 
poppet  which  actuates  the  relief  valves.  In  the  event  of  a 
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"stuck"  control  valve  in  one  system,  the  greater  movement 
available  to  the  other  control  valve,  due  to  the  differential 
beam  arrangement,  allows  this  valve  to  actuate  the  relief  valve 
of  the  "stuck"  system,  thus  resulting  in  "dumping"  the  pressure 
of  the  inoperative  system.  A  snap  ring  type  of  detent  spring 
on  the  relief  poppet,  once  actuated,  maintains  this  "dumped" 
condition  until  such  time  as  the  valve  assembly  is  removed  and 
the  relief  poppet  detent  spring  is  reset  .This  loss  of  pressure 
of  a  single  system  due  to  a  "stuck"  valve  is  indicated  by  a 
tel-light  through  the  reaction-ring  gear  bar. 

A  ball-bearing  coupling  is  installed  between  the  nonrotating 
control  rod  and  the  rotating  propeller  and  valve  assembly. 

Two  compression  springs  are  installed  between  the  piston  and 
each  control  valve  to  eliminate  signal  backlash  and  to  provide 
a  unidirectional  signal  input  force. 


Blade  Actuator  Torque  Design  Requirements 

The  blade  actuator  must  be  designed  so  that  sufficient  torque 
is  available  to  the  blade  angle  under  the  most  adverse  con¬ 
ditions.  To  assure  that  this  design  condition  is  achieved. 
Reference  3  specifies  that  it  must  be  possible  to  initiate 
feather  from  the  low  pitch  scop  (takeoff  blade  angle) when  op¬ 
erating  at  141  percent  of  the  maximum  design  rotational  speed. 
The  feathering  cycle  must  continue  as  the  rpm  is  reduced 
linearly  from  141  percent  to  120  percent  at  a  45-degree  blade 
angle.  From  45  degrees  to  the  feather  angle,  the  propeller 
must  be  capable  of  pitch  change  at  120  percent  of  the  maximum 
rpm.  The  propeller  must  demonstrate  this  capability  25  times 
during  the  qualification  testing.  Thus  effectively  it  must  be 
possible  to  initiate  an  increase  of  blade  angle  at  a  condition 
where  the  centrifugal  force  is  twice  that  at  the  maximum  design 
rpm  condition.  Since  the  blade  centrifugal  twisting  moment 
usually  is  at  a  peak  at  the  low  pitch  stop, the  demonstrated 
ability  for  pitch  change  required  for  qualification  will  assure 
that  feathering  can  be  accomplished  under  adverse  conditions. 

The  blade  actuator  must  therefore  be  designed  to  have  sufficient 
torque  to  rotate  the  blade  against  the  maximum  centrifugal 
twisting  moment  plus  the  bearing  friction  when  the  propeller  is 
operating  at  a  rotational  speed  corresponding  to  141  percent  of 
the  maximum  design  value.  Although  the  aerodynamic  twisting 
moment  is  generally  opposite  to  the  centrifugal  blade  twisting 
moment,  it  is  usually  neglected  in  determining  the  actuator 
torque  requirement?. 

The  centrifugal  twisting  moment  is  determined  knowing  the  blade 
characteristics  and  geometry  as  described  in  the  Structural 
Design  section,  Volume  XI.  The  bearing  friction  torque  is  cal¬ 
culated  from  the  equation 
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«B  =  /*  E  -££-  (1) 

where  QBp  -  blade  twisting  moment  due  to  bearing 
friction 

M  =  the  coefficient  of  friction  »  .004 
E  -  bearing  pitch  diameter 
CF  =  blade  centrifugal  force 


In  addition  to  meeting  the  above  requirements, the  blade  actu¬ 
ator  must  be  designed  to  provide  the  rate  of  pitch  change 
necessary  for  propeller  control.  The  rate  of  pitch  necessary 
depending  on  the  engine  type  and  airplane  requirements  is  dis¬ 
cussed  in  the  next  section  on  controls.  The  pitch  change  actu¬ 
ator  torque  requirements  for  this  condition  are  determined 
knowing  the  blade  inertia  about  its  centerline  plus  bearing 
friction  and  the  centrifugal  twisting  moment  discussed  above. 


Hub  Design  Considerations 

The  techniques  used  for  designing  conventional  aircraft  pro¬ 
peller  hubs  were  largely  empirical  and  based  on  test  data  and 
experience.  This  was  due  to  the  highly  redundant  nature  of 
the  hub  structure  and  the  difficulty  of  an  analytical  analysis 
as  discussed  in  the  structures  section.  Volume  II.  With  the 
use  of  high-speed  computers, it  is  now  possible  to  analyze  the 
hub  in  greater  uetail  (Reference  4)  .  However,  the  principles 
discussed  here  still  apply  and  would  be  used  during  the  initial 
design. 

A  hub  can  be  considered  to  be  made  up  of  the  blade  retention 
components,  the  structure  that  transmits  torque  and  reacts  the 
blade  forces  to  the  engine  and  airframe,  and  the  structure  for 
tying  these  components  together  and  resisting  the  centrifugal 
forces  and  moments.  The  loadings  that  the  hub  must  sustain 
include  not  only  steady  centrifugal  force,  thrust  bending 
moment,  and  aerodynaroically-excited  vibratory  moments  entering 
from  the  blades,  but  also  steady  torque  and  vibratory  engine 
orders  entering  the  engine.  Some  of  these  are  phased  sym¬ 
metrically  about  the  shaft;  others  are  not.  Some  of  the  aero¬ 
dynamic  orders  are  force  and/or  moment  reactionless  on 
the  shaft,  yet  impose  heavy  duty  on  the  hub. 

Most  of  the  older  conventional  propellers  were  shaft  mounted 
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and  were  driven  and  supported  on  the  spline  shaft  that  mated 
with  internal  splines.  These  internal  splines  are  usually  part 
of  the  tail  shaft  of  the  hub.  Provision  for  the  blade  actu¬ 
ation  system  must  also  be  considered  in  the  hub  design  in¬ 
cluding  the  gearing  or  links  to  transmit  the  moments  to  the 
blade. 

The  size  and  configuration  of  a  new  hub  will  depend  on  the 
blade  size,  moment  and  forces,  the  mounting  system,  the  actu¬ 
ator  system,  the  rotational  speed, and  the  power  input.  The  success 
of  the  final  hub  configuration  will  depend  on  the  ability  of 
the  designer  to  come  up  with  a  compact  and  balanced  structure 
that  will  withstand  the  steady  and  vibratory  loads  and  provide 
the  necessary  rigidity  for  the  support  of  the  blade.  In  estab¬ 
lishing  the  design,  the  proper  selection  of  material,  the  manu¬ 
facturing  methods  used  and  the  heat  treatment  must  also  be 
considered. 

For  optimum  design  of  the  propeller  hub,  certain  general  prin¬ 
ciples  should  be  borne  in  mind: 

(1)  Eliminate  stress  concentrations  wherever  possible.  Sharp 
corners,  being  vulnerable  in  fatigue,  must  be  avoided. 
External  corners  or  edges  should  be  broken,  and  fillet 

.  radii  made  as  generous  as  possible. 

(2)  The  most  efficient  use  of  metal,  and  hence  the  lightest 
weight,  must  be  designed  in.  Removing  metal  from  the 
finished  product  to  meet  predetermined  weight  limitations 
has  shown  that  relatively  little  can  be  accomplished, 
percentage-wise,  by  this  method. 

(3)  To  obtain  the  most  effective  transfer  of  blade  moments 
into  the  tail  shaft,  the  variation  in  end  restraint  around 
the  base  of  the  barrel  must  be  minimized.  This  means 
that  as  much  stiffness  as  possible  should  be  built  into 
the  forward  side  of  the  hub. 

(4)  Where  the  design  requires  any  pronounced  dissymmetry  in 
the  structure,  the  details  should  be  analyzed  carefully, 
as  very  large  stress  concentrations  are  apt  to  be  intro¬ 
duced.  This  should  start  very  early  in  the  design  pro¬ 
cess,  as  it  may  involve  the  basic  configuration  of  the 
hub  and  compromise  the  location  of  the  operating  mechan¬ 
ism. 

(5)  Because  of  thread  flexibility  characteristics,  the  inboard 
hub  barrel  thread  (for  the  blade  nut)  carries  the  greater 
portion  of  the  total  thread  loading  in  standard  non- 
tapered  threads.  The  thread  loading  produces  a  thread 
bending  stress  and  a  thread  relief  stress  at  the  base 
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of  the  inboard  thread  which  when  combined  yields  the 
thread  fillet  stress. 

(6)  There  is  a  small  relative  motion  between  the  bearing  and 
the  Barrel  bore  of  the  hub  and  the  surface  of  the  blade 
shank  under  vibratory  loads.  These  conditions  are  con¬ 
ducive  to  galling,  which  results  in  a  substantial  re¬ 
duction  of  the  fatigue  strength  of  the  surfaces  at  these 
points.  Galling  fatigue  strength  is  greatly  increased  by 
rolling  of  the  shank  and  shotpeening  of  the  hub  barrel 
bore. 


Influence  of  Blade  Retention  on  Hub  Design 

One  of  the  key  factors  in  the  design  of  a  new  hub  is  the  re¬ 
tention.  The  retention  used  to  react  the  loads  and  allow  the 
blade  to  change  angle  is  determined  from  a  large  store  of  ex¬ 
perimental  data  on  the  test  of  various  systems.  Data  was 
obtained  from  tests  of  various  shank  sizes  and  number  of  bear¬ 
ing  rows  subjected  to  steady  and  vibratory  loads.  The  blade 
angle  was  usually  varied  during  these  tests. 

The  blade  r'  -.ention  system  must  be  designed  to  have  sufficient 
strength  ' .  withstand  safely  the  steady  and  vibratory  loads 
while  wwing  the  blade  to  rotate  about  its  centerline  for 
pitch  change.  The  steady  loads  include  the  centrifugal  force 
and  the  bending  moment  due  to  thrust.  The  vibratory  load  is 
due  to  the  lxP  and  other  associated  moments. 

The  basic  structural  elements  of  a  conventional  blade  retention 
system  of  a  propeller  that  must  be  considered  are  shown  in 
Figure  4,  and  consist  of  the  hub  barrel,  blade  shank,  and 
multiple-row  angular  contact  ball  bearings.  Bearing  thrust 
loads  are  transferred  from  the  blade  shank  to  the  hub  by  the 
integral  flange  at  inboard  shank  to  a  blade  nut  that  is 
threaded  to  the  hub  barrel. 

The  factors  which  guide  the  selection  or  design  of  the  blade 
retention  elements  and  their  corresponding  impact  on  hub 
design  are: 

selection  of  blade  shank  size 
selection  of  retention  bearing 
retention  nut  and  hub  barrel  interface 
retention  bearing  friction 
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Centerline 


Figure 


Blade 

Shank 


.  Section  of  Typical  Blade  Retention. 
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Selection  of  Blade  Shank  Size 

The  blade  structural  analysis  determines  the  shank  size. 
The  selection  of  the  shank  size  must  also  include  the 
consideration  of  the  adequacy  of  the  wear  and  strength  of 
the  blade  gear  for  the  intended  service.  This  is  the 
starting  point  in  determining  the  ultimate  hub  barrel 
dimensions.  Typical  shank  sizes  for  steel  blades  are  No. 
2,  4,  Ah,  5,  6  and  8.  The  following  table  shows  blade 
shank  diameter  as  a  function  of  shank  size  and  lists  typi¬ 
cal  aircraft  installations: 


Shank  Size 

Shank  Dia.  -  Inches 
(Measured  at  Bra.  Seat) 

Aircraft 

No.  2  Steel 

4.5262 

DC-S,  CV-240 

No.  4  Steel 

5.5100 

B-29,  B-50, 
C-124S,  1049, 
C-130 

No.  Ah  Steel 

5.77.13 

No.  5  Steel 

6.5056 

C-133,  KC-97J 
C-124  B,C 

No.  6  Steel 

6.8880 

B-36 

No.  8  Steel 

8.0724 

XF-84 

Prior  to  the  selection  of  the  final  shank  size  which  will 
influence  the  blade  bearing  radius,  a  check  must  be  made 
to  determine  the  overturning  moment  and  determine  any  un¬ 
loading.  This  is  an  especially  important  design  consider¬ 
ation  in  the  case  of  propellers  for  V/STOL  aircraft.  If 
the  bearing  is  unloaded,  failure  will  occur  due  to  bearing 
pounding,  and  this  will  occur  if 

2M  >  CF  (2) 

R  2 

where  M  =  the  total  steady  and  vibratory  blade  moment 
R  =  the  bearing  radius 
CF  =  the  centrifugal  force 
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Preload  of  the  hearing  can  be  used  to  eliminate  the 
bearing  unloading;  however,  it  is  usually  more  desirable 
to  increase  the  blade  shank  size,  and  if  possible,  reduce 
the  blade  moments. 


Selection  of  Retention  Bearing 

Given  the  blade  shank  diameter,  the  retention  bearing  O.D. 
and  stack  length  can  next  be  sized.  The  bearing  design  is 
based  on  the  equivalent  centrifugal  loading  (ECF)  and  the 
bearing  design  factor,  Kt.  The  Kt  factor  is  an  indication 
of  the  magnitude  of  the  mean  compressive  Hertzian  contact 
stress  between  the  balls  and  raceways.  It  is  desirable  to 
use  a  Kt  of  150  to  175  to  obtain  contact  stresses  in  the 
range  of  350,000  psi  for  blade  bearing  design.  The  equiva¬ 
lent  ECF  is  a  combination  of  blade  CF,  static  bending 
moment  and  vibratory  bending  moment.  For  this  calculation 
the  following  formula  is  used: 

ECF  =  CF  +  (Mb  +  Mv )  ^ 

E 

where  CF  =  blade  CF 

Mb  =  static  bending  moment 
M v  =  vibratory  bending  moment 
E  =  pitch  diameter  of  bearing 


The  bearing  size  is  then  configured  by  the  following 
formula,  using  a  Kt  value  that  does  not  exceed  175: 

ECF 

Kt  =  - - r 

No.  of  Rows  x  No.  of  Balls/Row  x  (Ball  Dia.  x  8)z 

(4) 


The  hub  design  considerations  then  are  the  hub  barrel 
diameter  and  length  to  accommodate  the  bearing  stack 
and  uniform  fixity  of  the  barrel  to  assure  uniform 
loading  of  the  bearing. 


Retention  Nut  and  Hub  Barrel  Interface 


The  fillet  at  the  base  of  the  inboard  hub  thread  is  one 
of  the  most  important  hub  design  points  relative  to  the 
retention.  Because  of  thread  flexibility  characteristics, 
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the  inboard  thread  carries  the  greater  portion  of  the  total 
thread  loading  in  standard  nontapered  threads.  The  thread 
loading  produces  a  thread  bending  stress  and  a  thread  re¬ 
lief  stress  at  the  base  of  the  inboard  thread  which,  when 
combined  yields  the  thread  fillet  stress  at  this  critical 
point  in  the  hub.  The  details  of  the  analysis  of  this 
stress  are  given  in  the  structures  section,  page  189. 

Hub  designs  have  used  a  4-pitch  buttress  thread  of  from 
2.79  to  4.00  full  turns  depending  on  loading,  and  a  barrel 
wall  thickness  at  the  thread  relief  varying  from  0.42 
inch  to  0.65  inch,  depending  upon  the  thread  relief 
stress.  Hub  barrel  walls  have  varied  from  0.27  inch  on 
No.  2  steel  bladed  hubs  to  0.37  inch  on  No.  5  and  No.  6 
steel  bladed  hubs. 


Final  Hub  Design  Consideration 

After  the  design  of  the  blade  retention  components,  the  remain¬ 
der  of  the  hub  is  laid  out.  This  includes  the  design  of  the 
hub  tail  shaft,  the  mounting  system,  provision  for  the  blade 
actuator  system  including  the  necessary  gear  or  links  to  the 
blade  butt  and  the  necessary  structure.  The  structure  between 
the  blade  retention  barrels,  the  tail  shaft,  and  the  front  face 
of  the  hub  must  be  designed  with  the  necessary  stiffness  to 
provide  support  for  the  steady  centrifugal,  moment  and  vibra¬ 
tory  loads  as  are  discussed  in  the  structures  section. 

Volume  IX. 

The  hub  tail  shaft  generally  contains  the  splines  that  mate 
with  the  shaft  which  transmits  the  engine  torque  to  the  hub. 

The  size  of  the  tail  shaft  is  a  function  of  the  size  of  engine 
shaft  and  depends  on  the  engine  torque  and  the  blade  moments. 
Over  the  years,  considerable  difficulty  has  been  experienced 
with  the  engine  shaft  /  propeller  tail  shaft  combination.  To 
eliminate  this  problem  and  reduce  weight,  these  two  components 
are  combined  into  the  integral  shaft  configuration.  This  has 
been  an  important  propeller  development  for  not  only  saving 
weight  but  improving  reliability  and  safety.  The  design  pro¬ 
cedures  used  for  this  type  of  mounting  and  drive  are  discussed 
in  Reference  10. 

After  the  hub  has  been  designed  and  stress  analyzed,  it  must  be 
redesigned  to  correct  for  any  deficiencies  that  are  found  and 
to  reduce  weight.  The  use  of  experimental  stress  analysis 
procedures  to  confirm  the  analytical  work  is  also  desirable 
and  can  be  an  important  tool  for  preventing  difficulties  be¬ 
fore  the  first  hubs  are  built.  In  the  past, full- scale  hubs 
were  stress  coated  and  tested  on  a  large  fixture  that  could 
produce  the  steady  loads  to  determine  the  critical  areas. 
Although  this  was  an  effective  method, the  results  came  late 


in  the  program,  leading  to  costly  redesigns  if  problems  were 
encountered. 

After  the  first  hubs  are  built,  an  adequate  test  program  to 
confirm  the  design  must  be  carried  out.  The  hub  should  be 
tested  simulating  actual  conditions  of  steady  and  vibratory 
loads  as  nearly  as  possible.  For  this  testing,  strain  gages 
should  be  installed  to  check  critical  areas.  The  testing 
could  continue  for  a  period  of  time  to  confirm  that  the  hub 
has  adequate  fatigue  strength. 


Integral  Blade  Bearing  Hub 

To  eliminate  the  number  of  parts  and  reduce  the  hub  size, 
integral  blade  retention  bearings  have  been  designed  for  a 
number  of  new  propeller  installations.  This  type  of  reten¬ 
tion  uses  the  walls  of  the  blade  and  hub  barrel  for  the  bear¬ 
ing  raceway.  The  integral  blade  bearing  hub  has  a  number  of 
design  considerations  in  addition  to  those  discussed  due  to 
differences  in  the  retention,  assembly,  and  the  use  of  integral 
races  on  the  hub  and  blade.  These  features  have  a  large  im¬ 
pact  on  the  hub  design  and  are  therefore  treated  separately. 

The  integral  bearing  retention  is  designed  without  the  con¬ 
ventional  threaded  (hub  nut  provisions)  and  flanged  (blade 
shank) connections  .  The  blade  centrifugal  force  is  therefore 
reacted  directly  into  the  hub  and  blade  structure.  Because 
of  this,  the  blade  nut  is  eliminated  and  special  means  of 
assembling  the  propeller  must  be  provided.  One  method  of 
assembling  the  blade  into  the  hub  is  by  the  use  of  loading 
holes  in  the  side  of  the  barrel.  After  each  blade  row  is 
filled  with  the  required  number  of  balls,  the  blade  is  pulled 
into  place.  When  the  propeller  is  rotating, the  centrifugal 
force  gives  the  retention  the  necessary  stiffness.  In  the 
design  of  this  system,  additional  material  must  be  placed 
around  the  loading  holes  to  eliminate  stress  concentrations  on 
the  highly  loaded  hub  barrel.  To  minimize  any  problems  around 
the  loading  holes  of  the  barrel,  they  are  placed  in  an  area 
where  the  stresses  are  a  minimum.  The  initial  experience  with 
this  type  of  blade  retention  has  been  favorable. 

A  second  method  of  blade  hub  assembly  using  the  integral  bear¬ 
ing  concept  is  with  the  use  of  an  internal  ball  loading  system. 
A  two-row  integral  blade  nearing  retention  using  this  concept 
developed  for  the  supersonic  propeller  on  the  XF-84  is  shown 
on  Figure  5.  This  retention  had  the  following  character¬ 
istics: 
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Blade 

Shank 


Figure  5.  Integral  R< 
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Number  of  bearing  rows 

Number  of  bails/row  26 

Raceway  hardness  Rc61-63 

Ball  diameter  1.1875 

Raceway  curvature 

Outer  raceway  (hub)  51.2 

Inner  raceway  (blade)  50.8 


A  plain  nylon  retainer  is  used  for  the  outboard  row;  a  nylon 
retainer  incorporating  a  "snap  ring  type"  spring  (for  assembly 
purposes)  is  used  for  the  inboard  row. 

The  assembly  of  the  propeller  is  accomplished  with  this  system 
by: 

a.  Inserting  inboard  retainer  with  balls  in  the  bottom  of 
hub  barrel. 

b.  Spreading  retainer  with  a  "snap  ring"  type  tool  and 
then  inserting  blade  into  hub  barrel  so  that  blade 
butt  passes  through  inboard  retainer. 

c.  Remove  spreading  tool  so  that  inboard  retainer  can  close 
around  the  inboard  raceway  on  the  blade. 

d.  Spiral  the  outboard  retainer  (with  balls)  onto  the 
outboard  raceway  of  the  blade. 

e.  Properly  position  blade  with  respect  to  hub  using  screw 
jack  assembly  that  is  a  subassembly  of  the  hub. 

Independent  of  the  method  of  assembly,  the  integral  raceway 
retention  offers  important  advantages  in  reduced  hub  weight 
and  size.  However,  because  the  bearing  is  no  longer  an  ex¬ 
pendable  part,  it  becomes  necessary  to  examine  the  problem  of 
race  life  very  critically.  Probably  the  most  important  hub 
design  consideration  is  the  hub  structural  characteristic  that 
permits  bearing  mounting  flexibilities.  Nonuniformity  of  hub 
barrel  fixity  can  cause  nonuniform  elastic  deflections  of 
barrel  and  integral  races.  This,  in  turn,  causes  unequal  load 
distribution  between  rows  and  overloading  balls  within  each 
row.  '  The  end  result  is  higher  Hertz  stresses  and  corresponding 
reduction  in  bearing  life.  Careful  attention  must  be  given  to 
the  design  of  the  hub  web  structure  so  that  the  inter-barrel 
openings  are  reduced  so  that  barrel  flexibilities  are  uniform. 

/ 

/ 
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Bearing  design  generally  follows  that  of  the  conventional 
retention  hearing  design  relative  to  Kt  factor  and  allowable 
Hertzian  stress  (e.g.,  Kt  =  150  to  175  and  Hertzian  stress  in 
the  order  of  350,000  psi).  In  the  case  of  the  bearing  using 
internal  ball  loading,  a  limited  bearing  race  is  used  since  it 
is  impossible  to  use  the  "overlap"  feature  because  of  assembly 
limitations.  The  raceway  curvatures  are  lower  in  order  to 
reduce  Hertz  stress.  With  the  use  of  loading  holes  this  prob¬ 
lem  is  somewhat  reduced. 

The  two  major  manufacturing  processes  developed  for  the  inte¬ 
gral  type  retention  were  raceway  grinding  and  flame  hardening. 

a.  Raceway  Grinding 

Both  raceways  are  ground  simultaneously  by  one  wheel  in 
order  to  insure  optimum  control  over  spacing  and  concen¬ 
tricity  of  the  raceways.  The  grinding  wheels  are  diamond 
dressed  as  the  most  desirable  means  of  maintaining  the 
specified  size  and  finish  of  the  raceways.  Crush  dressing 
is  not  considered  suitable  because  of  the  depth  of  the 
grooves  and  the  high  raceway  shoulders.  The  tendency  is 
for  the  crushed  wheel  to  break  down  at  the  high  shoulders 
and  the  crusher  rolls  wear  too  rapidly. 

b.  Flame  Hardening 

The  raceways  are  hardened  by  the  simultaneous  hardening 
method.  With  this  method  the  entire  internal  circumference 
of  a  hub  barrel  (or  external  circumference  of  a  blade 
shank)  is  simultaneously  heated,  with  a  ring  type  burner 
(using  propane-oxygen  fuel  in  this  case)  and  then  immedi¬ 
ately  quenched  in  oil.  The  hub  barrels  are  hardened  and 
quenched  one  at  a  time.  Due  to  the  close  proximity  of  the 
inboard  raceways  of  adjacent  hub  barrels,  cooling  protec¬ 
tion  must  be  provided  to  prevent  tempering  of  a  portion  of 
the  inboard  raceway  of  the  previously  hardened  hub  barrel. 

Briefly,  the  flame  hardening  process  is  as  follows: 

1)  Hardening:  Parts  are  heated  in  the  flame  hardening 
machine  according  to  specified  gas  pressures,  time 
cycles,  and  flame  head  configuration,.  At  the  end  of 
the  time  cycle,  parts  are  quenched  in  Houghton  K  oil 
which  is  temperature  controlled  between  90°  and  110°  F. 

2)  Refrigeration:  After  quenching,  the  parts  are  re¬ 
frigerated  and  held  at  -60°F,  This  treatment  provides 
additional  hardness  and  is  beneficial  in  reducing  the 
danger  of  grinding  checks.' 
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3)  . A, double  temper  at  225°  is  specified 

to  help  minimize  residual  stresses.  P  ° 
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PROPELLER  CONTROLS 


INTRODUCTION 


Controls  are  required  for  a  variable-pitch  propeller  where  a 
change  in  blade  angle  will  give  differences  in  the  torque  re¬ 
quirements  and  the  thrust  output.  These  controls  can  be 
designed  to  choose  the  proper  blade  angle  for  a  given  rota¬ 
tional  speed  at  a  given  power  input  or  directly  determine  the 
level  of  thrust  output.  The  controls  must  be  designed  to  give 
the  required  response  to  the  system  without  undesirable  trans¬ 
ient  conditions.  To  achieve  this,  the  controls  and  blade  angle 
actuators  must  be  considered  as  a  package.  The  control  system 
must  also  be  designed  to  protect  against  failures  in  the  system 
so  that  unwanted  levels  of  thrust  will  not  be  obtained. 

With  fixed-pitch  propellers,  no  control  is  present,  and  the 
nominal  blade  angle  is  fixed  at  a  value  that  provides  an 
acceptable  compromise  between  static  thrust  for  initiating 
takeoff  and  cruising  thrust  at  higher  airspeed.  Initial  vari¬ 
able-pitch  approaches  provided  two  positions:  a  low  blade 
angle  for  takeoff  and  a  high  blade  angle  for  cruise  conditions. 
This  could  be  shifted  at  appropriate  times  in  a  manner  similar 
to  a  gear  shift.  The  two-position  propeller  progressed  to  a 
continuously  variable  blade  angle  type  controlled  by  a  speed 
governor.  When  used  on  reciprocating  engines,  the  propeller 
regulated  the  engine  speed,  while  the  throttle  varied  the 
manifold  pressure  to  adjust  power. 

In  some  cases  an  opposite  arrangement  of  the  control  functions 
was  provided,  with  speed  governor  control  of  throttle  position 
and  manual  variation  of  blade  angle.  This  type  of  control  was 
particularly  useful  for  blimp  applications,  where  direct  vari¬ 
ation  of  blade  angle  through  a  range  from  full  reverse  to  full 
forward  was  desirable  for  maneuvering  purposes.  This  arrange¬ 
ment  is  also  used  in  some  blade  angle  regimes  of  turboprop 
control  systems,  where  it  is  termed  the  "Beta  Range". 

In  the  case  of  gas  turbine  engines,  more  complex  control  con¬ 
figurations  may  be  encountered  than  with  reciprocating  engines. 
Many  single-spool  turboprop  controls  include  a  Beta  Range  at 
low  powers  for  ground  operation  and  a  normal  governing  range 
for  the  higher  powers  used  in  flight.  In  the  governing  range, 
the  propeller  control  regulates  engine  speed,  while  fuel 
adjusts  compressor  discharge  pressure  to  vary  power.  Because 
of  the  high  inertia  of  the  system,  the  control  task  of  the 
single-spool  turboprop  engine  is  much  more  demanding  than  with 
the  reciprocating  engine.  The  gas  generator,  which  consists 
of  a  compressor  and  its  driving  turbine,  is  controlled  sepa¬ 
rately  by  a  fuel  control  that  regulates  its  speed. 
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PROPELLER  control  development 


Control  Criteria 

The  first  step  in  the  development  of  a  propeller  control 
system  is  the  definition  of  the  tasks  it  must  perform.  The 
tasks  will  be  dependent  on  the  airplane  and  engine  configur¬ 
ations  and  their  operating  requirements  and  characteristics. 

As  described  in  Appendix  X,  the  control  requirements  must  be 
set  up  for  all  modes  of  propeller  operation  including  reverse, 
feather  and  ground  handling.  The  type  of  operation  at  each 
condition  must  be  specified.  For  instance,  constant  rotational 
speed  control  may  be  desired  for  the  takeoff,  climb,  and  cruise 
conditions,  while  "Beta"  control  is  needed  for  reverse  and 
ground  handling.  On  multi-engine  aircraft,  blade  synchroni¬ 
zation  may  be  required  to  reduce  noise.  The  propeller  control 
stability  and  response  characteristics  must  also  be  specified 
and  must  be  compatible  with  the  engine  control  and  the  rest  of 
the  aircraft  system. 

Safety  features  and  criteria  must  also  be  defined  that  will 
accomplish  those  requirements  determined  from  safety  analyses 
of  failure  conditions.  These  safety  features  might  include 
low  pitch  stops,  follow-up  stops,  negative  thrust  control  and 
backup  control  functions.  The  protection  of  the  airplane  from 
unwanted  propeller  signals  as  a  result  of  failures  is  of 
primary  importance  in  establishing  an  acceptable  control 
system. 

In  the  development  of  the  control  criteria,  the  special  require¬ 
ments  of  the  airplane  must  be  considered.  This  is  especially 
true  for  STOL  and  V/STOL  airplanes  due  to  their  specialized 
takeoff  and  landing  characteristics.  In  the  case  of  some 
V/STOL  airplanes, the  propeller  control  becomes  a  primary  flight 
control  and  thus  must  be  designed  with  a  dual  system  to  provide 
the  required  safety.  The  functions  that  the  control  must 
handle  will  also  be  more  complex  for  systems  of  this  type. 

The  control  criteria  developed  will  lead  to  the  blade  actuator 
requirements  in  terms  of  rate,  response  and  safety.  The  type 
of  actuator  system  required  as  discussed  in  the  previous  sec¬ 
tion  will  also  be  established  by  the  control  requirements. 


Control  and  Safety  Analyses 

Once  the  concept  and  criteria  for  the  desired  control  system 
have  been  established,  the  control  configuration  tc  accomplish 
the  required  functions  may  be  defined.  Computer  simulation  is 
particularly  helpful  in  this  stage  of  the  development.  The 
most  suitable  control  equation  can  be  determined  for 
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compatibility  with  the  engine  characteristics,  ana  magnitudes 
of  control  constants  may  be  established  which  give  the  desired 
response  characteristics  over  the  necessary  range  of  flight 
conditions.  (Use  of  computer  simulation  overlaps  into  both 
development  of  the  concept  and  development  of  the  control  con¬ 
figuration). 

For  purposes  of  control  analysis,  the  dynamic  response  charac¬ 
teristics  of  the  engine  and  propeller  must  be  expressed  in 
mathematical  form.  Similar  mathematical  expressions  for  the 
control  terms  are  combined  with  those  of  the  engine  and  pro¬ 
peller  to  form  complete  control  loops.  Using  the  computer,  or 
various  control  analysis  techniques,  the  most  satisfactory  con¬ 
trol  equation  and  values  of  control  constants  are  determined. 

Safety  analyses  must  also  be  conducted  to  establish  features 
which  must  be  included  in  the  propeller  control  system  to  mini¬ 
mize  the  effect  of  failures  which  may  occur  in  the  engine  or 
propeller  system.  In  some  cases,  the  use  of  computer  simula¬ 
tion  is  also  helpful  in  these  studies  for  examining  the  effects 
of  various  failures  and  the  effectiveness  of  possible  cor¬ 
rective  control  features. 


CONTROL  DESIGN 

When  the  functions  that  must  be  performed  by  the  control  system 
have  been  established,  the  essential  step  of  translating  the 
control  relations  into  practical  hardware  must  be  accomplished. 
Control  methods  such  as  hydraulic,  mechanical,  or  electrical 
means  must  be  compared  and  evaluated  on  the  basis  of  ability 
to  accomplish  the  desired  functions  with  acceptable  relia¬ 
bility,  cost  and  performance.  Adaptation  of  components  avail¬ 
able  from  control  manufacturers  may  be  more  satisfactory  than 
developing  new  devices  in-house. 

Actuation  methods  that  convert  the  control  system  output  into 
physical  motion  of  the  propeller  blade  angle  must  also  be 
developed.  Actuators  become  an  integral  part  of  the  propeller 
structure  and  are  deeply  involved  in  the  overall  propeller  de¬ 
sign  task;  they  are  discussed  in  the  previous  section. 

The  design  task  is  not  separate  from  the  tasks  of  control 
analysis  and  safety  analysis,  but  must  be  constantly  considered 
while  developing  the  control  concepts.  Compromises  in  control 
functions  that  will  permit  practical  design  and  manufacturing 
approaches  must  be  examined  during  the  control  analysis  phase 
of  the  propeller  development. 
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Testing 


Proper  operation  and  reliability  of  the  propeller  control 
system  obviously  must  be  verified  by  testing.  Initially, 
laboratory  tests  of  elements  of  the  prototype  system  are  sub¬ 
jected  to  functional  tests  to  verify  the  soundness  of  the 
principles  selected  for  control  and  actuation.  Life  tests 
must  also  be  conducted  on  individual  components  to  verify 
design  criteria.  Design  modifications  must  be  made  as  indi¬ 
cated  by  the  results  of  component  testing  to  obtain  the  desired 
performance.  After  satisfactory  individual  components  are 
developed,  they  may  be  combined  into  more  complete  systems  and 
subjected  to  tests  of  compatibility  and  proper  interaction. 

The  final  system  is  a  complete  propeller  assembly  with  fully 
operating  controls.  When  mounted  on  a  whirl  stand,  the  pro¬ 
peller  is  driven  at  normal  operating  speeds  and  subjected  to 
typical  control  commands.  An  effective  method  for  verifying 
proper  control  response  characteristics  is  accomplished  by 
connecting  a  computer  simulation  of  engine  response  character¬ 
istics  directly  to  the  propeller  control  system  so  that  a  com¬ 
plete  control  loop  is  established.  Provision  of  a  signal  of 
propeller  blade  angle  as  a  computer  input  is  relatively  simple, 
but  the  connection  from  the  computer  output  signal  of  engine 
speed  response  may  be  more  difficult.  For  propeller  control 
systems  that  utilize  a  mechanically  driven  governor,  the  sol¬ 
ution  has  been  to  use  a  small  synchronous  motor  to  drive  the 
governor  independently  of  the  main  propeller  shaft  drive.  The 
computer  output  is  used  to  control  the  frequency  of  an  oscil¬ 
lator  which  drives  the  motor  through  power  amplifiers.  With 
adequate  instrumentation  and  recording  of  propeller  and  engine 
parameters,  this  type  of  system  testing  permits  complete 
analysis  of  propeller  control  response  characteristics  at  any 
flight  conditions  that  may  be  represented  on  the  computer. 

The  test  results  may  be  compared  with  initial  analytical 
predictions  and  later  with  engine  test  and  flight  test  results 
as  they  become  available. 

After  laboratory  testing  of  the  propeller  assembly  alone,  com¬ 
bined  testing  of  the  engine  and  propeller  combination  must  be 
conducted  on  test  stands  large  enough  to  contain  the  complete 
assembly.  These  tests  are  limited  to  the  region  of  static 
thrust  testing,  but  serve  to  prove  the  operation  with  actual 
engine  characteristics.  Comparison  of  records  of  control  per¬ 
formance  under  these  conditions  with  previous  testing  and 
analytical  predictions  provides  the  justification  for  proceed¬ 
ing  to  flight  testing. 

When  the  engine  and  propeller  are  mounted  on  an  aircraft,  tests 
may  be  conducted  over  a  full  range  of  flight  conditions.  Vari¬ 
ations  in  airspeed,  altitude,  temperature,  and  density  may  be 
examined  and  evaluated. 
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At  each  step  in  the  testing  program,'  various  design  changes 
may  be  required.  By  providing  adequate  control  analysis  and 
computer  simulation  during  the  initial  stages  of  the  design, 
the  need  for  extensive  redesign  at  later  stages  can  be  mini¬ 
mized. 


PROPELLER  CONTROL  THEORY 

The  subject  of  control  analysis  involves  a  few  useful  and 
effective  analytical  techniques  by  which  the  response  and  sta¬ 
bility  of  a  control  system  such  as  a  propeller  may  be  examined. 
Since  control  systems  are  dynamic,  they  must  be  described  and 
examined  in  terms  of  time  responses.  This  requires  that  system 
equations  must  be  written  in  terms  of  the  time  derivatives  of 
the  system,  such  as  velocities  and  accelerations.  These  be¬ 
come  differential  equations  which  may  be  easily  handled  by  ex¬ 
pressing  the  relations  in  block  diagram  form  and  using 
operational  notation  to  represent  time  differentiation.  Such 
techniques  reduce  the  differential  equations  to  simple  algebra 
so  that  they  may  be  manipulated  easily.  The  methods  that  have 
been  used  in  the  development  of  propeller  control  system  re¬ 
lations  are  defined  in  the  following  discussion  (Reference  5). 


Basic  Dynamic  Equations 

In  organizing  a  physical  system  for  dynamic  analysis,  a  balance 
between  the  motions  and  forces  in  the  system  is  defined  math¬ 
ematically  by  the  familiar  relations  of  acceleration  to  force 
or  torque: 


ZF  =  m  a  (5) 

2Q  =  la 


where 


P  =  force,  lb 
a  =  acceleration,  ft/sec2 
m  =  mass,  slugs  (lb-sec2/ft) 

Q  =  torque,  ft-lb 

a  =  angular  acceleration,  rad/sec2 

I  =  moment  of  inertia,  slug-ft2  (also  ft-lb-sec2/ 

rad) 


t  =  time,  sec 
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appnef  forcf  n0t  **  «-  externally 

or  position  of  the  m?ss.  Vphvlicll°sv«feSUl^n2  fr°m  velocity 
encountered  is  the  ty^icai  -S  !!  ytem  which  is  commonly 

a  good  example  of  this  method  o^anafv^ySte™>WhiCh  Provi<2es 
m  Figure  6.  “  of  analysis,  and  is  illustrated 


TRAnsiattoij 


Rotation 


Figure  6.  Vibrating  Spring-Mass  Syste 


ere 


F  =  externally  applied  force,  lb 
Q  =  externally  applied  torque,  ft_ib 


K  =  spring  constant,  lb/ft 


(ft-ib/rad  for 
rotation) 


D  =  damping  coefficlent(  ft_ib/(rad/ 

for  rotation)  '  «a^secj 

m  =  mass,  slugs  or  lb/ (ft/sec  2) 


I  =  moment  of  inertia,  slug-ft  or  ft-lb/ 

(rad/sec2) 

x  =  displacement,  ft 
©  =  angular  displace.,  it,  rad 
v  =  linear  velocity,  ft/sec 
v  =  angular  velocity,  rad/sec 

o 

a  =  linear  acceleration,  ft/sec 

Damping  is  always  present  in  systems  of  this  type  (although  not 
always  easy  to  evaluate).  Damping  is  represented  by  a  dashpot 
or  paddles  in  Figure  6,  and  is  defined  as  the  force  (or  torque) 
reacting  to  velocity.  Damping  is  usually  assumed  to  be  viscous 
or  directly  proportional  to  velocity.  In  this  way,  coef¬ 
ficients  are  provided  for  the  forces  reacting  to  the  motion 
and  each  of  its  derivatives:  K  for  position,  D  for  velocity 
and  m  for  acceleration.  Although  the  assumption  of  direct 
proportion  is  often  not  strictly  accurate  for  damping,  it  is 
usually  quite  reasonable  for  mathematical  representation  of 
most  systems. 

The  equation  of  motion  of  each  of  these  systems  may  be  written 
as  follows  by  observing  that  the  external  force  or  torque  is 
opposed  by  the  reactions: 

Translation  Rotation 

2F=ma  =  F-  Dv-Kx  2Q  =  la  =  Q  -  D»  -  KS 


or  F  =  ma  +  Dv  +  Kx  Q  =  Io  +  D«  +  K9  ^ 

These  expressions  may  be  written  as  differential  equations  in 
terms  of  the  time  derivatives  or  in  the  common  "dot"  notation 
by  defining  a  single  dot  as  a  first  derivative  and  a  double 
dot  as  a  second  derivative: 


2 

F  =  m^-$  +  D^£  +  Kx 
dt2  dt 


de 

dt 


+  K9 


(7) 


F  =  mx  +  Dx  +  Kx 


Q  =  10  !•  D9  +  K9 
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Operational  Notation 

Although  the  above  forms  of  presenting  the  equations  are  com¬ 
monly  used,  the  form  that  is  most  useful  for  control  analysis 
is  that  of  operational  calculus,  in  which  "operator"  is  sub¬ 
stituted  for  the  time  derivative.  The  most  commonly  used  form 
of  operational  calculus  is  that  of  Laplace  which  has  a  rigorous 
and  complex  mathematical  derivation.  However,  in  practice,  a 
few  simple  rules  are  sufficient  for  its  use  in  control  analysis 
applications.  Basically,  the  letter  s  is  used  as  an  operator 
to  denote  time  differentiation.  In  general  use,  this  principle 
is  expressed  as  follows: 

s  =  .£•  (example:  sx  =  ^  =  x)  (8) 


From  f'is,  the  second  derivative  is 

2  •  * 

(example:  s2x  =  =  x)  (9) 

dt2 

are  expressed  as  the  reciprc  .al  of 


)  dt  (example:  f  =  j  x  dt)  (10) 

■Jo 

Use  of  operators  in  this  manner  converts  differential  equations 
into  algebraic  equations  in  which  the  operators  may  be  multi¬ 
plied,  factored,  canceled  and  in  general  treated  in  accordance 
with  the  normal  rules  of  algebra. 

These  rules  may  be  illustrated  by  applying  them  to  the  spring 
mass  system.  With  application  of  operators,  the  equations  of 
motion  above  appear  as  follows: 

F  =  ms^x  +  Dsx  +  Kx  Q  =  J.s2©  +  Ds©  +  K© 

The  variable  may  be  factored  out  to  yield 


F  =  (ms2  +  Ds  +  K)  x  Q  =  (Is2  +  Ds  +  K)  ©j 


And  time  integrals 
differentiation : 
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The  response  of  the  variable  to  externally  applied  force  or 
torque  then  becomes 


x 

F 


1 _ 

ms2  +  Ds  +  K 


e  _  1 _ 

0  ~  Is2  +  Ds  +  X 


(12) 


This  type  of  equation  is  of  a  quadratic  form  that  is  frequently 
encountered  m  control  analysis.  Such  relations  are  normally 
expressed  in  terms  of  the  natural  frequency  and  damping  ratio 
since  these  two  terms  define  the  nature  of  the  response  in  a 
general  form.  In  this  form,  the  equations  appear  as  follows: 


output  _ i _ 

input  =  s2  +  (2{Un)s  +Un2 


(13) 


or 


output  __ 
input 


C2 


2 !_ 


1 


(14) 


where  o>n  =  undamped  natural  frequency  of  the  vibrating 
system,  ra<Vsec 

£  =  damping  ratio,  dimensionless 

Cj ,  Co  =  gain  coefficients  resulting  from  system 
constants 


Either  the  translational  or  rotational  system  may  be  converted 
to  this  form.  The  means  of  conversion  is  illustrated  for  the 
rotational  system  as  follows: 


Q  _  1/1 

0  -  S2  +  S  s  +  | 


(15) 


From  this  relation,  wn  and  ?  may  be  obtained  as  follows: 


(16) 


i  = 


D 

2/KI 
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Depending  upon  which  general  form  is  chosen,  the  gain  coef¬ 
ficients  are  as  follows.  (The  form  using  C2  provides  the 
steady-state  gain.) 


Cx  =  1  (17) 

1  1 


Depending  upon  the  values  of  5,  the  quadratic  equation  may  be 
underdamped  (  £*=1),  critically  damped  (  C  =  1),  or  over¬ 
damped  (  £»1).  In  either  the  critically  damped  or  overdamped 
cases  the  equation  can  be  factored  into  two  real  roots.  These 
are  equal  in  the  critically  damped  case.  For  the  underdamped 
case  the  roots  are  complex  conjugates.  Typical  time  plots 
showing  the  response  of  a  spring-mass  system  for  the  three 
damping  cases  are  shown  in  Figure  7. 


Time 


Figure  7.  Effect  of  Damping  on  Rotational 
Spring-Mass  System  . 
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Solutions  of  Operational  Equations 

In  general,  control  systems  can  be  reduced  to  operational 
forms  similar  to  those  shown  for  the  spring  mass  system.  The 
resulting  algebraic  equations  relating  output  to  input  are 
called  "transfer  functions".  The  output  response  is  then  the 
input  multiplied  by  the  transfer  function. 


Input 

Transfer 

Output 

Function 

Tables  of  operational  transforms  are  used  to  relate  time  ex¬ 
pressions  to  their  equivalent  operational  forms.  In  order  to 
use  these  tables,  the  output  response  must  be  expressed  as  a 
single  operational  equation  resulting  from  the  product  of  the 
transfer  function  and  the  operational  form  of  the  input. 

Initially,  the  input  transform  is  obtained  from  the  table  and 
then  combined  with  the  transfer  function.  The  table  is  then 
used  to  find  the  time  solution,  or  "inverse  transform",  equiv¬ 
alent  to  this  combined  operational  expression. 

The  most  commonly  used  input  is  a  step  function,  although 
ramp  functions  are  also  frequently  used  as  inputs.  The  out¬ 
put  responses  resulting  from  these  inputs  are  termed  "tran¬ 
sient  responses"  since  the  output  variations  occur  briefly  in 
time  while  proceeding  from  one  steady-state  condition  to 
another. 

Typical  input  functions  in  time  and  operational  forms  are  in¬ 
cluded  in  the  following  short  table,  which  also  shows  some 
common  response  functions  in  Laplace  transform  notation: 


Tvoical 

Lanlace  Transforms 

Operational  Form 

Time  Form 

Step  of  magnitude  a 

a 

s 

a 

Ramp  with  rate  a/sec 

a 

£2 

at 

Exponential  Decay 

1 

s+a 

e~at 
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Exponential  Time  Lag 
Response  to  Step 


1 

s (  r  s+1 ) 


1-e 


-t/T 


Exponential  Time  Lag 
Response  to  Ramp 


1 

s2(  TS+1) 


t-  T(l-e 


-t/r 


) 


Underdamped  quadratic 
response  to  Step 


1+  --■!  -  ■  e'^^sin  (uQt-  f) 

\l 1-T 


where : 


^  =  tan 


-t 


Critically  damped 
quadratic  response 
to  step 


1 

s(  rs+1)2 


Overdamped  quadratic  _ 1 _  j>__i__(rie-t/r  _T  e-1^T2 ) 

response  to  step  s ( rjs+l)(  i^s+l )  r2-rl  1  1  2 


where  r  =  characteristic  time  (or  time  constant) 
e  =  2.718,  the  natural  logarithmic  base 
More  complete  tables  can  be  found  in  References  6  and  7. 


Block  Diagram  Notation 

By  the  use  of  block  diagrams,  problems  are  organized  into  a 
form  which  defines  all  of  the  operations  which  occur  and  the 
manner  in  which  they  are  related.  Once  the  diagram  has  been 
established,  the  operation  of  the  system  is  easier  to  visualize 
and  the  equations  to  define  the  system  can  be  written  by  in¬ 
spection  using  closed-loop  transfer  function  techniques. 

Common  practice  in  drawing  block  diagrams  follows  a  few  logical 
rules: 

1.  Boxes  are  used  to  represent  gain  coefficients  or 
dynamic  operations  that  relate  the  variables  in 
the  system. 
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2.  Lines  which  interconnect  the  boxes  represent  the 
variables  in  the  system,  with  arrows  drawn  on  the 
lines  to  indicate  flow  toward  a  box  as  an  input  and 
away  from  the  box  as  an  output. 


Circles  are  used  for  algebraic  summation  of  variables 
that  occur  in  the  system.  An  arrow  leaving  the  circle 
is  the  algebraic  sum  of  all  the  arrows  entering  the 
circle.  The  proper  algebraic  sign  must  be  indicated 
for  each  entering  arrow.  Sometimes  an  X  or  X  is  in¬ 
cluded  in  the  circle.  The  meaning  remains  the  same. 
The  following  example  shows  a  typical  representation 
of  summation  such  as  might  be  used  in  a  propeller 
analysis : 


To  illustrate  the  construction  of  a  block  diagram,  consider 
again  the  rotational  spring-inertia  system  shown  in  Figure  6. 
The  summation  of  torques  acting  on  the  inertia  is  equal  to  the 
product  of  inertia  and  acceleration.  If  an  external  torque,  Q, 
is  applied  to  the  inertia,  its  motion  is  resisted  by  "internal" 
torques,  namely,  a  damping  torque,  proportional  to  velocity, 
and  a  spring  torque,  proportional  to  displacement.  This  sum¬ 
mation  is  shown  in  Figure  8. 


Figure  8.  Summation  of  Forces  on  a  Spring-Mass  System. 
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By  successive  time  integration  of  acceleration,  the  velocity 
and  displacement  can  be  developed  to  complete  the  block  diagram 
as  shown  in  Figure  9. 

Since  all  variables  entering  the  summing  point  must  have  the 
same  dimensions,  in  this  case  torque,  the  gain  coefficients, 

D  and  K,  must  have  dimensions  to  relate  velocity  and  position 
respectively  to  torque,  thus: 

D  =  ft-lb-sec/rad 

K  =  ft-lb/rad 

In  a  similar  manner,  l/l  relates  torque  to  acceleration  and  s 
has  dimensions  of  l/time. 


Figure  9.  Block  Diagram  of  Spring-Mass  System 


Obtaining  Transfer  Functions  From  Block  Diagrams 

Having  obtained  the  block  diagram  for  a  system,  the  closed- 
loop  transfer  function  relating  the  response  of  any  variable 
to  an  input  disturbance  can  be  calculated  by  simple  methods. 
As  shown  before,  these  transfer  functions  lead  to  time  solu¬ 
tions  by  inverse  Laplace  transform  techniques. 

Consider  a  general  negative  feedback  system  shown  in  block 
diagram  form  by  Figure  10. 
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Figure  10.  Typical  Negative  Feedback  Loop. 


where  g  is  any  function  of  s  in  the  forward  path  (between 
input  and  output) 

h  is  any  function  of  s  in  the  feedback  path  (between 
output  and  input) 

It  is  desired  to  know  the  relationship  between  output  (y)  and 
input  (x). 

From  the  diagram  above, 

y  =  g2 

but  2  =  x  -  hy 

therefore,  y  =  g(x  -  hy) 

combining  y(l  +  gh)  -  gx 

The  transfer  function  is  the  ratio  of  output  to  input.  Thus 

Y.  =  - 3—  (19) 

x  1  +  gh 

This  relation  can  be  applied  to  sub  loops  to  simplify  complex 
systems  in  the  spring  mass  system.  The  damping  sub  loop  can 
be  simplified  as  follows: 

g  =  -i-  and  h  =  D 
I  s 

_1_ 

and  _H_  =  .IS _ =  _1_  (20) 

1+gh  i  +  2_  Is+D 
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The  block  diaaram  now  takes  the  form 


Q 


+ 

Q  -  K9 

1  ; 

Ul 

_1 

s 

i  9 

' 

V 

Is  +  D  | 

K9 


The  complete  transfer  function  relating  9  to  Q  is  obtained  in 
a  similar  manner.  In  this  case 


y  ~  s  (Is  +  D) 
h  =  K 


a  _  9  _  1 _ 

1  +  gh  Q  is2  +  Ds  +  K 


This  is  recognized  as  being  the  same  equation  developed  in  the 
section  covering  operational  notation. 

In  the  case  of  the  spring-mass  system,  either  the  block  dia¬ 
gram  method  or  the  direct  mathematical  approach  yields  the 
final  transfer  function  v/ith  equal  ease.  However,  in  more 
complex  cases,  block  diagrams  provide  the  easier  method  for 
determining  complete  transfer  functions. 


Propeller  Engine  Control  Loops 


Using  the  mathematical  procedures  developed  in  the  previous 
paragraphs,  the  propeller  engine  transfer  function  can  be 
examined. 

The  dynamic  response  characteristics  of  the  combined  engine 
and  propeller  may  be  expressed  as  a  typical  first-order  ex¬ 
ponential  time  lag  transfer  function.  The  block  diagram  of 
Figure  11  illustrates  the  mathematical  relations  that  represent 
engine  and  propeller  response  characteristics. 
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Figure  IX.  Propeller  Engine  Response  Characteristics. 


The  nomenclature  used  m  this  diagram  is  as  follows: 

AQ  =  external  torque  variation,  ft-lb  (resulting  from 
fuel  flow  or  blade  angle  change) 

AOp<AQep  -  propeller  and  engine  torque  variation  resulting 
from  speed  variation,  ft-lb 

“Q  =  summation  of  nonequilibrium  torque  variations, 
ft-lb 

EX  =  Ip  +  Iep,  summation  of  propeller  and  engine 

moments  of  inertia,  ft-lb-sec 2/rad.  (Engine 
inertia  is  referred  to  propeller  shaft  by  the 
relation  Iep  =  Ie(Ne/Np)2) 

=  Torque  vs.  speed  derivative  of  propeller, 
p  ft-lb/rpm 


f  dQe’ 

1 2rrr)r.=  Torque  vs.  speed  derivative  of  engine  referred 
to  propeller  shaft,  ft-lb/rpm 

jdQe 

where 


35?f  (Ne/Hp )  * 
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s  =  differential  operator  d/dt,  1/sec 

ap  =  angular  acceleration  of  propeller  shaft,  rad/sec2 

Aa_  =  propeller  speed  variation  from  equilibrium  point, 
rad/sec 

AH„  =  propeller  speed  variation  from  equilibrium 
p  point,  rpm 


The  moments  of  inertia  of  the  engine  and  propeller  (referred 
to  a  common  shaft)  are  additive,  since  the  shafts  are  geared 
together.  In  the  case  of  reciprocating  engines  or  single¬ 
spool  gas  turbines,  the  full  engine  inertia  is  used.  For  free- 
turbine  engines,  only  the  power  turbine  inertia  is  added.  The 
inertia  of  reduction  gearing  may  also  be  considered,  but  is 
usually  insignificant.  All  inertia  values  must  be  referred  to 
a  common  shaft  before  the  terms  are  added.  Since  the  control 
system  is  regulating  propeller  speed,  the  propeller  shaft  is  a 
logical  reference  point.  Each  inertia  value  must  be  multiplied 
by  the  square  of  the  gear  ratio  which  links  it  to  the  propeller 
shaft.  Shafts  that  are  rotating  faster  than  propeller  speed 
will  have  greater  inertia  when  referred  to  the  propeller  shaft. 

In  a  similar  manner,  the  torque  versus  speed  derivative  of  the 
engine  must  be  referred  to  the  propeller  shaft.  This  engine 
derivative  must  be  multiplied  by  the  square  of  the  gear  ratio 
between  propeller  and  engine,  just  as  in  the  case  of  inertia. 
Since  the  engine  speed  is  greater  than  propeller  speed,  the 
engine  derivative  is  increased  when  referred  to  the  propeller 
shaft.  The  ratio  of  torque  speed  derivative  to  inertia  is  un¬ 
changed  by  reference  to  the  propeller  shaft. 

In  combining  the  torque  versus  speed  derivatives  of  propeller 
and  engine,  the  signs  are  such  that  the  two  effects  are  addi¬ 
tive.  Visualized  in  a  physical  sense,  an  increase  in  speed 
causes  the  propeller  load  torque  to  increase  and  the  engine 
driving  torque  to  decrease.  Both  influences  combine  to  oppose 
the  speed  change. 

The  additive  influence  of  the  engine  and  propeller  torque  ver¬ 
sus  speed  derivatives  may  also  be  shown  mathematically.  When 
referred  to  a  common  shaft,  any  difference  between  engine 
torque  and  propeller  torque  causes  angular  acceleration  of  the 
combined  moment  of  inertia.  This  accelerating  torque  may  be 
expressed  as 


^acc  =  a  p 2 1  “  ^ep  “  ®p 


(23) 
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where 


aP 


is  the  angular  acceleration  of  the  propeller 


shaft  in  rad/sec  <■ 


SI  is  the  combined  inertia  of  engine  and 
propeller  referred  to  the  propeller  shaft 


Qp  is  propeller  load  torque 

Q„c  is  engine  torque  referred  to  the  propeller 

shaft  by  the  engine  to  propeller  speed  ratio:  Qep=^  0e 

Qg  is  engine  torque  at  the  engine  shaft 

Expressed  as  variations  from  a  steady-state  operating  point 
so  that  linearized  derivatives  '.nay  be  used, the  engine  and  pro¬ 


peller  variables'  become 

Qe  =  Qeo  +  A  Qe  (24) 

Qp  =  Qpo  +  AQp  (25) 

N  =  N0  +  AN  (26) 

wf  =  Vfo+Awf  (27) 

13  =  130  +  6/3  (28) 


The  terms  with  subscript  0  represent  values  at  the  equilibrium 
operating  point,  and  the  A  terms  are  variations  from  the  equil¬ 
ibrium  value.  The  symbols  wf  for  engine  fuel  flow  and  0  for 
propeller  blade  angle  have  also  been  included. 


Since  steady-state  torque  values  are  in  equilibrium,  the 
accelerating  torque  relation  may  be  expressed  in  terms  of  the 
torque  variations  alone: 

2l<  «p)  =  Aq,p  -  AQp  (29) 


The  variation  of  engine  torque  is  a  function  of  speed  and  fuel 
flow,  and  may  be  expressed  in  terms  of  linear izcd  partial 
derivatives  at  the  engine  as 


(30) 
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When  referred  to  the  propeller,  this  expression  becomes 


AQeP  =  ANp  *  ^)p  Awf  <31> 

where  AQep  =  (Ne/Np)AQe 

(bQe/i>Ne)p  =  (Ne/Np  )\  bQe/b  Ne ) 

( 6Qe/iwf )  =  (Ne/Np ) (bQ^/bUf ) 

The  variation  of  propeller  torque  is  a  function  of  propeller 
speed  and  blade  angle.  Expressed  in  terms  of  linearized 
partial  derivatives,  the  propeller  torque  variation  is 


=  (^)ANP  + 


(0,  A0 


(32) 


The  resulting  expression  for  accelerating  torque  in  terms  of 
the  partial  derivatives  becomes 


ZK«p) 


.  (J>3> 


)|AN  +  (^§.)  AWf 

J  P  bwf  «  t 


(^|ANp  + 


)A/9 


(33) 


In  the  normal  operating  range,  the  derivative  i>Qe/  !>Ne 
is  negative  and  i  Qp/i  Np  is  positive.  These  terms  combine  as 

a  summation  of  negative  influences  that  oppose  variations  of 
speed. 


Expressed  in  these  terms,  the  block  diagram  of  engine  and  pro¬ 
peller  relations  becomes 


This  diagram  may  be  reduced  to  a  simpler  form  by  combining  the 
feedback  term  with  the  other  system  constants  so  that  unity 
feedback  is  obtained  while  preserving  the  mathematical  relation¬ 
ships  between  input  and  output  variables.  Expressed  in  terms 
of  combined  coefficients,  the  diagram  reduces  to  the  following 
form: 


Solving  for  the  closed-loop  expression,  the  diagram  becomes 


The  combined  coefficients  have  the  following  relations  to  the 
original  system  derivatives: 


„  _  (  kQe/bwf  )p _ 

"  T>V6V  -  (  iQe/-Ke-'p 
K  =  (  >V.  ^ _ 

0  (6QpANp)  -  (  hQe/  bNe)p 
T  _  2  *■( Ip  +  lep) 

^  60  [(  bQp/;>Np)  _  (6Qe/6Ne)p 


(34) 


(35) 

(36) 


I 

I 
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These  three  coefficients  describe  the  major  response  character¬ 
istics  of  the  engine  and  propeller  combination.  As  defined 
here,  the  term  is  the  fuel  gain  coefficient  which  repre¬ 
sents  the  steady-state  response  of  propeller  speed  to  fuel 
flow  changes,  and  the  term  Kp  is  the  blade  angle  gain  coef¬ 
ficient  which  defines  the  steady-state  response  of  propeller 
speed  to  blade  angle  changes.  The  term  rep  is  the  engine 
and  propeller  time  constant,  which  defines  the  dynamic  response 
of  propeller  speed  variations  to  fuel  or  blade  angle  changes. 
Although  other  influences  such  as  aircraft  velocity  and  air 
density  also  influence  propeller  speed,  they  vary  at  slow 
rates  and  are  normally  not  significant  in  propeller  control 
analysis. 


Transfer  Function  Derivatives 

The  expression  of  engine  and  propeller  response  character¬ 
istics  in  terms  of  a  transfer  function  represents  a  linear¬ 
ization  of  their  relationships  for  small  perturbations  about 
any  selected  operating  point.  The  derivatives  which  make  up 
the  coefficients  in  the  transfer  function  are  partial  deriva¬ 
tives  defined  by  the  slope  of  the  engine  or  propeller  charac¬ 
teristic  curve  at  the  specified  operating  point.  Each 
derivative  expresses  the  linearized  variation  of  torque  in 
response  to  variations  of  one  variable  (such  as  speed,  fuel 
flow,  or  blade  angle)  when  all  other  variables  are  held  fixed. 


Figure  12  .  Typical  Turbine  Engine  Characteristics. 
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In  the  case  of  a  turbine  engine,  the  characteristic  plot  of 
engine  torque  vs.  speed  and  fuel  flow  will  appear  somewhat  as 
illustrated  in  Figure  12. 

In  normal  practice,  performance  curves  for  the  engine  which  is 
to  be  used  with  a  particular  propeller  would  be  available  for 
the  evaluation  of  derivatives.  However,  for  preliminary  design 
purposes  when  no  engine  curves  are.  available,  rough  approxi¬ 
mations  of  engine  derivatives  may  be  made  from  the  following 
general  relations: 


Engine  Torque  versus  Speed 

Normal  engine  operating  points  will  occur  in  the  most 
efficient  region,  where  horsepower  output  is  maximum  at 
a  specified  fuel  flow.  Typical  torque  vs.  speed  lines 
are  reasonably  linear,  and  the  peak  horsepower  will  occur 
at  approximately  half  of  the  stall  torque  and  half  of  the 
no-load  speed.  If  the  horsepower,  speed  and  fuel  flow  are 
known  for  a  specified  condition,  the  torque  may  be  calcu¬ 
lated.  The  stall  torque  may  then  be  expressed  as  twice 
this  computed  torque,  and  the  no-load  speed  as  twice  the 
specified  speed; 


Qstall  =  2  °eo 
Nno  load  =  2  Neo 


(31) 


The  negative  slope  of  a  straight  line  between  these  two 
points  is  a  fair  approximation  of  the  engine  torque  vs. 
speed  derivative  at  constant  fuel  flow: 

bQe  _  _  2  Qeo  _  _  2§o  _  _  5250  hp 
bNe  2  Neo  Neo  (Neo)2 


Engine  Torque  versus  Fuel  Flow 

The  influence  of  fuel  flow  on  engine  torque  is  an  external 
disturbance  which  is  not  involved  in  the  propeller  control 
loop.  Therefore,  for  analysis  of  propeller  control  re¬ 
sponse  and  stability,  it  is  not  necessary  to  know  the  engine 
torque  vs.  fuel  flow  derivative  accurately.  If  the  actual 
derivative  is  not  known,  a  suitable  approximation  can  be  ob¬ 
tained  by  assuming  that  torque  varies  in  direct  proportion 
to  fuel  flow,  so  that  the  derivative  is  defined  by  the 
ratio  of  torque  to  fuel  flow  at  the  specified  operating 
condition.  The  approximate  derivative  of  torque  vs.  fuel 
flow  at  constant  speed  is  then 
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bQe  _  Oeo  (33) 

bw£  wfo 


Propeller  Derivatives 

At  a  particular  airspeed  and  altitude,  the  relation  of 
propeller  torque  to  propeller  speed  and  blade  angle  may 
be  plotted  in  the  form  of  Figure  13. 


Np,  Propeller  Speed,  rpm 


}  Figure  13.  Typical  Propeller  Torque  Relations. 


Partial  derivatives  for  the  propeller  may  be  obtained  from 
this  plot  or  its  crossplot  by  measuring  slopes  at  any 
desired  operating  point.  These  partial  derivatives  are 
bQp/bNp,  which  defines  the  variation  of  propeller  torque 

in  response  to  variations  of  propeller  speed  at  constant 
blade  angle,  and  bQp/ b0  ,  the  variation  of  propeller 
torque  in  response  to  blade  angle  at  constant  propeller 
speed.  In  practice,  plots  of  propeller  torque  vs.  speed 
and  blade  angle  are  seldom  made  in  that  form,  since  the 
full  range  of  airspeeds  and  altitudes  over  which  the  pro¬ 
peller  must  operate  would  require  a  large  number  of  plots. 
Instead,  a  generalized  plot  is  normally  used,  which  pre¬ 
sents  the  relation  of  propeller  power  coefficient,  Cp  to 
advance  ratio,  J,  and  blade  angle,  /}  .  A  plot  of  this  type 
is  illustrated  in  Figure  14. 
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Propeller  Efficiency  and  Blade  Angle  Map 


In  this  plot,  the 


significant  parameters  are 


**  =  Blade  angle,  deg 
CP  =  ^n^5’  '  P°Wer  coefficient 
J  =  V/nD  ,  advance  ratio 

where  P  =  2 rQn  ,  power  absorbed,  ft-lb/sec 
Q  =  torque,  ft-lb 
n  =  propeller  speed,  rev/sec 
p  ~  air  density,  slugs/ft3 
C  =  pr'-ieller  diameter,  ft 
v  =  airspeed,  ft/sec 


(33; 

(34) 


SoSt2^aLS£"S'atKtT 3^°nS  are  frequently 
to  advance  ratio  and  blade  anole  Ct'  related 
ficient  is  defined  as  angle.  The  thrust  coef- 


»  n2D4 


(35} 


where  t  =  thrust,  lb 

/>,  n,  D  are  as  defined  above 


The  propeller  efficiency, 
power  coefficients  by  the 
eludes  the  advance  ratio: 


L;,iS.related  t0  the  thrust  and 
following  expression  which  in- 


where  j  =  60V/ND  =  advance  ratio 
V  a  airspeed,  ft/sec 
D  =  Propeller  diameter,  ft 
^  "  Propeller  speed,  rpm 


(36) 


Determination  of  propeller  derivatives  from  Cp  and  Cy 
plots:  To  obtain  dimensional  values  for  propeller  deriva¬ 
tives  from  the  nondimensional  coefficient  plots,  the 
following  sets  of  partial  derivative  expressions  are  used. 
The  subscripts  used  with  the  derivatives  represent  the 
variables  which  are  held  fixed  while  the  specified  deriva¬ 
tive  varies.  For  example,  bQ/  ^N|/j  v  represents  the  vari¬ 
ation  of  torque  with  variation  of  propeller  rpm  while 
blade  angle  and  airspeed  are  held  constant.  Similarly, 
b  Cp/  b represents  the  variation  of  Cp  with  J  at 
constant  $. 


Torque  derivatives: 


2>2  =  Q  f  ,  J_  ,aCp|  , 

8N  0,v  fT  L  *  "  Cp  lb/3  |/8>  J 


b^|N,v  cp  'T?r[ 

i-fil  =  _SiZ_  ,jcp) 

bV  |/8,N  V  Cp  b  J  1/3' 


(37) 


(38) 

(39) 


Thrust  derivatives: 


* 


VT 

II 

> 

i[(2 

_  ■  J.  /  CT  |  )  1 

CT  vTj”|/3  'J 

(40) 

bT 

-  _3L 

(-i£r|T  ) 
bj3  lJ 

b{3 

1  N,  V 

Ct 

(41) 

b  T 
8  V 

Un  = 

TJ_  , 
vcT  ' 

bCfp  I 

Fj  Is) 

(42) 

*  In  the  static  case,  the  second  term  becomes  zero. 


When  only  the  Cp  plot  is  available,  thrust  derivatives 
may  still  be  obtained  from  the  following  expressions: 


54 


Figure  16.  Generalized  Propeller  Torque-Angle 


Ct  = 


V  Cp 
"  J  " 


(43) 


b  Ct 


b  J 


/3 


brj  . 

(Tj|*  ' 


(44) 


Cy  (  bCp 
Cp b> 


)  +  (>J2_ 

J  ’  60 


J 


(45) 


For  the  static  case,  when  a  plot  of  Ct  vs.  Cp  is  available, 
these  derivatives  are 


b  CT  I  _  ,  bCT> 
i>  J  \p  (  bCp  ’ 


b  Cp 


bJ 


0 


b  Crp 

i T 


j 


b  cT 

b  Cp  • 


(46) 
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For  rapid  approximation  of  propeller  gain  and  time  constant 
values  when  propeller  performance  curves  are  not  available, 
the  two  propeller  torque  derivatives  bQp/  bNp  and  bQp/b/3 
may  be  found  from  the  generalized  derivative  plots  of 
Figures  15  and  16  .  These  plots  are  reasonably  accurate 
for  most  propellers. 

To  use  these  plots,  values  must  be  determined  for  Cp  and  j 
at  desired  power  conditions,  and  the  solidity,  o*  ,  must  be 
computed  for  the  propeller  under  consideration.  Solidity 
at  the  .75  radius  point  is  determined  from  the  expression 


9  -  — —  (48) 

.75  ,D 

where  b  =  blade  chord  at  .75  radius 


B  =  number  of  blades 


The  results  obtained  from  the  plots  are  expressed  in 
generalized  form,  using  the  relationships 


bQ  = 

Q 

(49) 

(50) 

The  dimensional  derivatives  then  have  the  relations 


>>Qp  Qp  b  Q 

*>Np  Np 

(51) 

b  QP  -  o  ,_k3, 

-  Qp(Tp 

(52) 

Inertia  Computation: 

Calculation  of  the  propeller  and  engine  time  constant  also 
requires  a  value  for  the  combined  polar  moment  of  inertia 
of  the  propeller  and  engine.  During  the  preliminary 
design  phase,  when  final  inertia  values  are  not  available. 

estimated  values  for  propeller  inertia  are  used. 

The  inertia  for  a  hollow  steel  blade  may  be  estimated 
from  the  equation 


where 


IB  =  7.16  x  1CT6(AF)D4,  Slug-Ft2  (53) 

D  =  Propeller  diameter,  ft 
IB  =  Inertia  of  one  blade,  slug-ft 
AF  =  Activity  Factor  per  blade 
AF  =  1562  b/D  for  rectangular  planform  blades 
b  =  Blade  chord,  ft 


Using  the  approximation  for  the  activity  factor  of  rec¬ 
tangular  blades,  the  following  approximate  expression  for 
th6  moment  of  inertia  for  a  hollow  steel  blade  based  on 
b  at  .  75R  is  obtained: 

IB  =  .0112  b  d3,  slug-ft2  (54) 

An  approximate  value  for  the  inertia  of  a  solid  propeller 
blade  may  be  found  by  using  the  activity  factor  in  the 
following  expression: 

iB  =  K(^><nr)5'  siug-ft2  (5s) 

where  K  =  5.29  for  steel 

3.02  for  titanium 
1.90  for  aluminum 


Based  on  the  approximate  relation  for  AF,  the  expression 
for  the  inertia  of  a  solid  blade  becomes 

IB  =  1.5625  K  /  slug-ft2  (56) 

The  total  moment  of  inertia  of  the  propeller  about  its 
drive  shaft  is  obtained  by  summing  the  inertia  of  all 
blades  and  the  propeller  hub: 

Ip  =  B  IB  +  1  ,  slug-ft2  (57 ) 

where  B  =  number  of  blades 

1  =  typical  hub  inertia 


The  nominal  value  of  1  slug-ft2  has  been  found  to  be 
typical  of  the  hub  inertia  for  turboprop  propellers, 
and  sufficiently  accurate  for  preliminary  calculations. 

Values  of  engine  inertia  are  normally  obtained  from  data 
supplied  by  the  engine  manufacturer.  In  some  cases, 
where  dimensions  of  rotating  turbine  elements  are  known, 
but  no  value  of  inertia  has  been  supplied,  a  reasonable 
estimate  can  be  obtained  from  a  standard  equation  for 
polar  moment  of  inertia  of  a  disc: 


59 


(58} 


I  =  6.02  x  10"6  T  D4,  slug-ft2 


where  T  =  disc  thickness ,  in. 

D  =  disc  diameter,  in. 

Weight  density  of  steel  =  .284  lb/in. 


A  rough  approximation  of  engine  inertia  may  also  be  ob¬ 
tained  for  preliminary  control  analysis  purposes  from  the 
following  typical  ratios,  which  are  based  on  a  number  of 
comparisons  of  engine  inertia  with  the  inertia  of  steel 
propellers.  The  values  given  by  these  ratios  represent 
the  apparent  engine  inertia  when  referred  to  the  propeller 
shaft  by  the  square  of  the  gear  ratio 

COUPLED  TURBINE  ENGINE  (Spool,  including 

turbine  and  compressor,  geared  to  propeller): 

(Ie)p  =  1.25  Ip  (59) 

FREE  TURBINE  (Power  turbine  separate  from 
compressor  spool): 

(Ie)p  =  0.2  Ip  (60) 

RECIPROCATING  ENGINES: 

(Ie)p  =  0.1  Ip  (61) 


where  (Ie)n  =  engine  inertia  referred  to  propeller 

shaft 

Ip  =  inertia  of  steel  propeller  designed 
to  absorb  power  of  engine 

As  shown  by  these  ratios,  the  combined  inertia  of  a  pro¬ 
peller  and  coupled-turbine  engine  is  more  than  double  that 
of  the  propeller  alone,  but  the  free  turbine  or  recipro¬ 
cating  engine  does  not  cause  a  significant  inertia  increment. 


PROPELLER  CONTROL  SYSTEM  CHARACTERISTICS 


The  principal  purpose  of  a  normal  propeller  control  system  is 
to  maintain  the  speed  of  the  engine  and  propeller  at  a  desired 
magnitude  in  flight.  When  controlling  speed,  the  propeller 


* 
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control  system  compares  actual  engine  speed  with  the  desired 
speed  setting.  If  a  difference  exists,  blade  angle  is  varied 
as  a  function  of  the  error.  This  modifies  the  propeller  torque 
load,  and  causes  engine  speed  to  change  m  a  direction  to  re¬ 
duce  the  error.  Although  other  control  functions  may  be 
present,  such  as  reversing,  feathering,  and  direct  blade  angle 
scheduling  at  low  powers,  the  analysis  of  control  system  dy¬ 
namic  performance  will  apply  only  to  the  closed-loop  speed 
control  operation. 

The  objective  of  control  system  analysis  is  the  selection  of 
propeller  control  system  equations  and  gain  values  that  will 
provide  good  response  and  stability  over  the  full  range  of 
flight  conditions.  This  selection  involves  a  certain  amount 
of  compromise.  High  control  gains  will  achieve  rapid  response 
in  opposing  disturbances  or  following  changes  of  speed  setting, 
but  will  reduce  system  stability.  Low  control  gains  have  the 
opposite  effect  of  good  stability  but  sluggish  response.  Con¬ 
trol  gains  that  are  good  at  one  flight  condition  may  provide 
poor  stability  or  poor  response  at  other  conditions. 

The  best  control  functions  and  gain  values  for  a  particular 
engine  and  propeller  may  be  determined  by  combining  control 
system  equations  with  the  engine  and  propeller  transfer  func¬ 
tion  that  has  been  derived  previously.  Using  values  of  engine 
and  propeller  derivatives  for  all  significant  flight  conditions, 
the  following  approach  provides  a  method  for  selecting  the  con¬ 
trol  characteristics  that  will  achieve  the  best  combination  of 
performance  and  stability. 


Engine  and  Propeller  Response 

In  a  previous  section,  the  response  of  engine  and  propeller 
speed  to  variations  of  blade  angle  or  fuel  flow  has  been  de¬ 
fined  in  terms  of  a  mathematical  transfer  function  which  may 
be  expressed  in  the  following  block  diagram  form: 


i - 1 


where  AN  =  speed  variation 


AWf  =  fuel  flow  variation 
A#  =  blade  angle  variation 
21=  moment  of  inertia  summation 
XbQ/bS  =  torque  vs.  speed  summation 
bQ/i,wf  =  torque  vs.  fuel  flow  derivative 
bQ/b/3  =  torque  vs.  blade  angle  derivative 
g  =  time  integration 

In  simplified  form,  this  block  diagram  becomes 


where  =  steady-state  gain  of  AN  vs 

dwf,  rpm/  (Ib/sec ) 

Kd  =  steady-state  gain  of  AN  vs. 

A  0,  rpm/deg 

T£P  =  time?esecd  propeller  characteristic 

in  a  previous  sectionhoffthisSreportflCThetS  h3S  been  detaile<3 
to  fuel  flow  is  typical  of  tfc*  Th  rasP°nse  of  speed 

turbance,  and  maybfexprfssel  alfTt  ??  any  eternal  dis¬ 
function:  expressed  as  the  following  transfer 


(62) 


AN  _  Kwf 
AW£  (Tep)s  +  1 

Some  external  variables,  such  as  airspeed  and  air  density, 
influence  the  speed  response  much  more  slowly  than  fuel  flow. 
In  this  discussion,  the  effect  of  fuel  flow  changes  will  be 
used  to  represent  the  response  to  any  external  disturbance. 


Propeller  Control  System  -  Block  Diagram 

The  typical  propeller  control  system,  which  varies  blade  angle 
to  control  speed,  includes  three  elements:  an  error  sensor, 
which  senses  actual  speed  and  compares  it  with  a  reference 
level  of  desired  speed  to  develop  a  measure  of  speed  error;  a 
control  function,  which  computes  the  necessary  response  of 
blade  angle  to  oppose  the  speed  error;  and  a  servo,  or  power 
amplifier,  to  manipulate  the  blade  angle  as  required  by  the 
control  function.  The  addition  of  a  control  system  to  the 
basic  engine  and  propeller  relation  is  shown  in  block  diagram 
form  as  follows: 


Error 

Sensor 


Control  System  Elements 

A  typical  error  sensor  consists  of  a  flyweight  governor  bal¬ 
anced  against  a  spring.  The  governor  is  mechanically  driven 
by  the  engine,  and  develops  a  force  proportional  to  speed. 

The  spring  force  which  opposes  the  flyweight  force  is  manually 
adjusted  to  represent  a  desired  speed  magnitude.  At  the  proper 
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propeller  speed,  the  flyweight  and  spring  forces  will  be.  in 
equilibrium.  For  speeds  above  or  below  the  equilibrium  level, 
the  governor  will  have  a  mechanical  motion  proportional  to 
speed  error.  This  motion  may  be  utilized  to  stroke  a  hydraulic 
valve,  operate  electrical  contacts,  or  actuate  a  mechanical 
linkage. 

Other  error- sensing  approaches  compare  the  speed  of  an  engine 
to  the  speed  of  a  master  reference  such  as  an  electric  motor 
or  an  oscillator  frequency,  to  develop  a  shaft  rotation  or  an 
electrical  signal  proportional  to  speed  error. 

Typical  control  functions  consist  of  simple  computing  oper¬ 
ations  that  respond  to  the  error  sensor  output  to  develop  a 
signal  of  the  required  blade  angle  change.  These  operations 
may  be  proportional  to  the  speed  error,  or  the  time  integral 
or  time  derivatives  of  the  error,  individually  or  combined  in 
various  proportions.  Hydraulic,  mechanical,  or  electrical 
methods  for  developing  the  control  functions  may  be  used, 
depending  upon  the  particular  control  design  approach. 

The  servo  element  is  a  power  amplifier  which  includes  an  actu¬ 
ator  to  drive  the  blade  angle  to  the  position  determined  by 
the  computer  element.  The  actuator  may  consist  of  a  hydraulic 
cylinder,  an  electric  motor,  or  mechanical  clutches.  Feedback 
elements  may  also  be  present  for  matching  the  servo  output  to 
the  desired  angle  from  the  computer. 

In  some  simple  control  systems,  the  separation  into  individual 
control  elements  is  not  very  definite,  as  in  the  case  of  a 
hydraulic  cylinder  servo  actuated  directly  by  a  governor  valve. 
However,  as  the  control  becomes  more  complex,  the  roles  of 
each  element  become  more  definite,  and  the  proper  mathematical 
control  functions  must  be  established  to  provide  the  best  per¬ 
formance  and  stability. 


Proportional  Control  Function 

s.  The  most  obvious  mathematical  control  relation  is  one  in  which 

i  the  blade  angle  varies  in  proportion  to  speed  error.  This  is 

i  termed  proportional  control,  since  speed  also  varies  in  direct 

proportion  to  blade  angle,  and  the  net  loop  gain  is  a  propor¬ 
tional  coefficient  without  any  time  functions  such  as  integra¬ 
tion  or  differentiation.  With  proportional  control,  a  servo 
actuator  is  generally  necessary  to  move  the  blade  angle  through 
an  increment  proportional  to  the  speed  error  measured  by  the 
governor.  A  sketch  of  a  proportional  control  system  is  shown 
in  Figure  17. 
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PROPORTIONAL  oontdat 


Propeller  Proportional  Control  Schematic 


The  mathematical  relation  for  proportional  control,  when  servo 
dynamics  are  ignored,  may  he  expressed  as  the  simple' control 
function 


Nerr 


a 


where  a  =  proportional  gain,  deg/rpm 

In  block  diagram  form,  the  proportional  control  function  is 


This  diagram  shows  that  the  proportional  control  adds  to  the 
natural  damping  of  the  engine  and  propeller  expressed  by  the 
ierm  tbQ/  6N.  This  results  in  increased  stiffness  of  speed 
response  in  resisting  torque  changes  caused  by  external  dis¬ 
turbances  such  as  fuel  flow. 

In  a  simplified  form,  the  proportional  control  block  diagram 
becomes 


SIMPLIFIED  PROPORTIONAL  CONTROL  LOOP 


The  resulting  mathematical  transfer  functions  which  relate 
speed  response  to  changes  of  an  external  disturbance  or  of 
speed  setting  are 

(  KWf  ) 
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The  form  of  the  transfer  function  has  remained  the  same  as 
for  the  engine  and  propeller  without  control,  but  the  steady- 
state  gain  and  the  characteristic  time  have  both  been  reduced 
by  the  factor  1  +  aK#  ,  where  aK^g  is  the  loop  gain  of  the 
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system.  The  response  obtained  with  proportional  control  is 
compared  to  the  uncontrolled  system  in  Figure  18  .  Since  a 
proportional  control  permits  an  offspeed  error  when  a  dis¬ 
turbance  is  present,  it  is  often  called  a  "droop'1  control. 

The  effect  of  the  control  has  been  to  improve  the  regulation 
of  the  system  by  reducing  the  natural  response  of  the  engine 
and  propeller  to  disturbances,  but  the  error  will  not  be  en¬ 
tirely  eliminated.  A  very  high  control  gain  may  appear 
desirable  to  reduce  the  error  to  a  very  small  value.  However, 
in  practical  cases,  additional  dynamics  such  as  servo  and 
governor  lags  become  significant  and  will  cause  instability  at 
very  high  gains. 


Integral  Control  Function 

Another  simple  control  function  is  one  in  which  the  rate  of 
blade  angle  change  varies  in  proportion  to  speed  error.  There¬ 
fore,  the  blade  angle  position  is  the  time  integral  of  speed 
error.  Since  speed  varies  in  proportion  to  blade  angle  posi¬ 
tion  in  the  steady  state,  the  loop  gain  includes  one  time 
integration.  With  this  type  of  control,  the  system  will  always 
seek  zero  speed  error  in  the  steady  state. 

As  shown  on  Figure  19,  a  typical  example  of  an  integral  con¬ 
trol  system  consists  of  a  governor  which  moves  a  hydraulic 
valve  to  vary  flow  to  and  from  a  hydraulic  cylinder.  The  rate 
of  flow  through  the  valve,  and  therefore  the  rate  of  piston 
travel  in  the  cylinder,  is  proportional  to  speed  error.  The 
piston  output  is  linked  to  blade  angle,  so  that  blade  angle 
then  varies  as  the  time  integral  of  speed  error. 

The  mathematical  relation  for  integral  control  may  be  expressed 
as  the  following  control  function: 


A/3  _  b 

Nerr  s 
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where 


b  -  integral  gain,  (deq/sec) 

rpm 


j  represents  time  integration,  sec 
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Figure  18.  Control  Response  to  Load  Disturbance 


Figure  19.  Propeller  Integral  Control  Schematic. 
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When  combined  with  the  block  diagram  of  engine  and  propeller 
relations,  the  integral  control  system  provides  the  following 
loop  diagram:  , 


I - 1 


INTEGRAL  CONTROL 
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The  diagram  shows  that  two  integrations  are  present  in  the 
loop:  one  for  engine-propeller  dynamics  and  one  for  the  con¬ 
trol.  This  is  equivalent  to  a  typical  second-order  system, 
such  as  a  spring-mass  oscillating  system.  The  inertia  term 
is  equivalent  to  mass,  the  integral  control  has  the  effect  of 
a  spring,  and  damping  is  provided  by  the  2b'Q/bN  term. 
Increasing  the  integral  gain  increases  the  frequency  of  oscil¬ 
lation  and  reduces  the  relative  damping. 

Expressing  the  block  diagram  in  simplified  form,  the  system 
with  integral  control  becomes 


The  resulting  integral  control  transfer  functions  which  relate 
speed  response  to  changes  of  an  external  disturbance  or  speed 
setting  are 
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In  the  steady  state,  when  time  is  large,  S  approaches  zero 
and  the  response  to  a  fuel  flow  disturbance  becomes  zero.  In 
the  case  of  a  speed  set  change,  the  speed  response  equals  the 
set  change  in  the  steady  state. 
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The  denominator  of  these  transfer  functions  is  a  quadratic 
term  which  may  be  expressed  in  the  form  typical  of  second- 
order  vibrating  systems: 


2  i  S 
u  n 


+  1 


(68) 


where  un 


the  undamped  natural  frequency 


i  =  — -■  - —  ,  the  dimensionless  damping  ratio 

2  \J  bKp  rep 


The  time  response  of  this  type  of  transfer  function  is  of  a 
sinusoidal  nature  which  becomes  more  oscillatory  as  the  inte¬ 
gral  gain  is  increased.  If  additional  dynamic  terms  are  present 
such  as  servo  and  governor  lags,  the  system  may  easily  be  made 
unstable  by  raising  the  gain  too  high.  The  curve  labeled 
"integral  control  only"  on  Figure  18  illustrates  the  nature 
•of  the  response  that  may  be  expected  from  this  type  of  control. 
Although  a  reduction  of  gain  sufficiently  to  provide  a  reason¬ 
ably  damped  system  will  result  in  a  large  initial  offspeed 
peak  and  a  relatively  long  time  to  reach  the  onspeed  condition, 
the  integral  control  may  still  be  quite  satisfactory  for  some 
applications  such  as  the  control  of  reciprocating  engines. 
Calculation  of  the  proper  value  for  the  integral  gain,  b,  can 
be  made  by  using  the  damping  ratio  equation  to  solve  for  a 
damping  of  approximately  i  =  .707  using  values  of  Kb  and  Tep 
obtained  from  engine  and  propeller  derivations. 


Proportional-Plus-Intearal  Control  Function 

The  advantages  of  both  proportional  and  integral  controls  can 
be  obtained  by  combining  both  actions  in  one  control  function 
as  illustrated  in  Figure  20  .  The  proportional  term  reduces 
the  amount  of  offspeed  and  adds  stabilization  by  increasing 
the  system  damping.  The  integral  term  continues  to  trim  the 
blade  angle  until  zero  speed  error  is  obtained.  This  action  is 
equivalent  to  automatically  resetting  the  governor  to  eliminate 
the  droop  that  results  from  a  load  change  when  proportional 
control  is  used  alone.  For  this  reason,  integral  control  was 
called  "reset"  in  early  control  terminology.  A  proportional- 
plus-integral  control  device.  Figure  20,  is  thus  a  governor 
having  both  "droop"  and  "reset"  action.  This  type  of  control 
is  also  termed  an  "isochronous  governor"  since  it  maintains  a 


73 


PROPORTIONAL  PLUS  INTEGRAL  CONTROL 


constant  speed.  The  curve  labeled  proportional-plus-integral 
control  on  Figure  18  compares  the  response  of  this  control 
function  with  other  approaches. 

The  mathematical  relation  for  proportional-plus-integral 
control,  including  the  dynamics  of  a  blade  angle  servo  actu¬ 
ator,  may  be  expressed  as  the  following  control  function: 


A/? 

Nerr 


a  +  b/s 

( rc  s  +  1 ) 


(69) 


where  a  =  proportional  gain,  deg/rpm 

b  =  integral  gain,  (deg/sec) 
rpm 

rc  =  servo  time  constant,  sec 
s  =  time  differentiation,  1/sec 
1/s  =  time  integration,  sec 

In  block  diagram  form,  the  proportional-plus-j ntegral  control 
function  is 


When  combined  with  the  block  diagram  of  engine  and  propeller 
relations,  the  proportional -plus-integral  control  provides 
the  following  loop  diagram: 
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PROPORTIONAL-PLUS-INTEGRAL  CONTROL 

/ 

This  diagram  has  a  form  similar  to  that  of  integral  control 
alone,  except  that  the  proportional  "a"  term  adds  increased 
damping  to  that  provided  by  the  XbQ/  bN  term.  This  not  only 
reduces  the  speed  offset  resulting  from  disturbances,  but 
stabilizes  the  system  so  that  higher  values  of  the'  integral 
gain  "b"  may  be  used  to  produce  a  more  rapid  return  to  zero 
speed  error. 

The  proportional-plus-integral  control  function  may  be  simpli¬ 
fied  to  the  following  form: 


A#  _  b(Ta  s  +  1) 
Nerr  s(tc  s  +  l) 


(70) 


where  ra  =  a/k 


The  ratio  of  control  gains  (a)  and  (b)  may  be  selected  to  give 
a  value  of  the  leading  time  constant,  ra,  which  is  equal  to  the 
lagging  time  constant,  rep,  of  the  engine  and  propeller.  This 
is  an  optimum  value  for  the  a/b  ratio  and  permits  simplifi¬ 
cation  of  the  closed-loop  transfer  functions  by  cancelling  the 
leading  and  lagging  terms.  The  resulting  transfer  functions 
for  proportional-plus-integral  control,  when  a/b  =  rep,  are 
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These  expressions  are  similar  to  those  for  integral  control 
alone,  except  for  two  significant  differences:  the  servo 
time  constant,  rc,  has  replaced  the  engine  and  propeller  time 
constants  in  the  left  denominator  term,  which  indicates  a 
higher  response  frequency;  and  the  ratio  of  the  rc  lead  to  the 

rep  lag  appears  in  the  numerator  of  the  fuel  flow  response, 

which  indicates  that  the  peak  offspeed  has  been  reduced  below 
the  magnitude  that  would  have  occurred  with  integral  control 
alone.  Figure  21  shows  the  influence  of  the  ratio  rc/rep 

on  the  offspeed  peak. 

The  natural  frequency  and  damping  terms  for  the  proportional- 
plus-integral  control  are 


rad/sec 


dimensionless 
damping  ratio 


(73) 
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These  terms  are  similar  to  those  for  integral  control  alone, 
except  that  rc  has  bean  substituted  for  rep. 

For  good  control  performance,  it  is  apparent  that  the  blade 
angle  servo  must  be  designed  so  that  rc  is  small  in  compari¬ 
son  with  the  engine  and  propeller  characteristic  time  rep. 

This  will  permit  a  large  value  of  "b"  for  a  given  damping  ratio, 
a  high  natural  frequency,  and  a  low  offspeed  response  to  an 
external  disturbance,. 

Selection  of  the  best  gain  values  for  a  given  flight  condition 
can  be  made 'once  the  servo  time  constant,  rc,has  been  estab¬ 
lished,  using  values  of  Kg  and  t  ep  determined  by  the  flight 
condition.  The  integral  gain,  b,  may  be  found  from  the  damping 
ratio  expression: 


bKp  rc  = 


1 
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PROPORTIONAL-PLUS-INTEGRAL  CONTROL 
WITH  VARYING  r„ 


Figure  21.  Effect  of  Servo  Lag  on  Speed  Response 


Defining  a  desirable  response  as  that  which  results  from  a 
damping  ratio  of  C  =  .707  provides  the  following  relationship 
for  the  integral  gain: 


b  =  -J—  (dea'se cj_  (76) 

K/S  rc  rpm 


The  proportional  gain  is  found  from  the  integral  gain  value  by 
utilizing  the  optimum  control  condition,  in  which  the  control 
lead  cancels  the  engine  and  propeller  lag: 


b  -  Ta  "  rep 


(77) 


From  this,  the  proportional  gain  is 


a  =  b  rgp  deg/rpm  (78) 


The  criteria  that  have  been  used  here  will  determine  optimum 
values  for  the  proportional  and  integral  control  gains,  a  and 
b,  at  one  particular  flight  condition.  However,  as  Kp  and  rep 
vary  over  a  range  of  flight  conditions,  the  optimum  values  of 
a  and  b  will  also  vary.  Some  studies  have  been  made  of  adap¬ 
tive  control  methods  for  propellers,  which  are  discussed  later 
in  this  report.  But  normal  propeller  control  systems  have 
fixed  gain  values,  which  must  be  selected  to  give  satisfactory 
performance  over  the  full  range  of  flight  conditions.  Reason¬ 
ably  acceptable  gain  values  can  be  obtained  by  using  the 
average  between  the  maximum  and  minimum  values  of  each  gain, 
computed  at  the  flight  condition  extremes.  However,  by  using 
analog  computer  simulation  of  the  engine  and  propeller  control 
loop,  a  more  thorough  evaluation  may  be  made  to  determine  the 
gain  values  that  are  the  best  compromise  for  all  conditions. 


CONTROL  FUNCTIONS  FOR  SPECIAL  CONDITIONS 


Fuel  and  Propeller  Coordination 

A  desirable  control  arrangement  for  a  turboprop  engine  is  one 
in  which  a  single  lever  in  the  cockpit  varies  power  by  simul¬ 
taneously  manipulating  the  engine  fuel  control  and  the  speed 
setting  of  the  propeller  governor.  Such  a  single  lever  con¬ 
trol  is  desirable  for  use  as  a  height  control  on  VTOL  airplanes. 
However,  this  approach  leads  to  some  problems.  Advancing  the 


lever  to  increase  power  applies  a  command  for  increased  speed 
to  the  propeller  governor  as  well  as  increased  fuel  flow  to 
the  engine.  As  a  result  of  the  lag  of  engine  response, 
speed  is  not  influenced  initially  by  the  fuel  change.  The  pro¬ 
peller  governor  therefore  reduces  blade  angle  in  order  to 
initiate  a  speed  increase.  The  first  reaction  to  advancing  the 
power  lever  is  then  a  reduction  in  thrust,  which  is  just  the 
opposite  of  the  response  desired.  As  the  delayed  influence  of 
fuel  flow  becomes  effective,  the  engine  accelerates  in  response 
to  both  increased  fuel  flow  and  decreased  blade  angle.  This 
results  in  a  large  overspeed  transient  before  coming  to  equi¬ 
librium  at  the  new  power  setting.  At  this  new  equilibrium 
point,  the  blade  angle  returns  tu  approximately  the  same 
position  as  before  the  power  change,  since  increased  power 
would  naturally  cause  a  speed  increase  if  blade  angle  remained 
fixed.  This  implies  that  the  power  transient  would  be  smoother 
if  blade  angle  were  prevented  from  varying  until  the  fuel  re¬ 
sponse  was  finished. 

As  a  result  of  large  power  changes  a  compressor  surge  condition 
is  approached  in  some  cases.  This  approach  to  surge  is  from 
either  an  increase  of  fuel  flow  or  a  decrease  of  blade  angle. 

If  both  occur  together,  the  worst  approach  to  surge  is  obtained. 

In  order  to, prevent  a  reduction  in  thrust,  a  speed  overshoot, 
and  the  approach  to  surge,  it  is  desirable  to  have  a  control 
system  in  which  acceleration  is  caused  by  fuel  flow  change 
alone,  and  blade  angle  is  prevented  from  varying  until  the 
fuel  transient  is  completed. 

In  some  turboprop  controls,  fuel  and  speed  coordination  has 
been  achieved  by  introducing  a  mechanical  lag  in  the  linkage 
to  the  speed  set  input  of  the  governor.  By  approximately 
matching  this  lag  to  the  engine  response,  satisfactory  response 
of  speed  and  fuel  flow  to  a  single  lever  is  obtained. 

A  better  approach  uses  the  system  shown  schematically  in 
Figure  22  .  In  this  case,  the  speed-set  signal  is  applied 

only  to  the  integral  term,  and  the  proportional  term  responds 
to  angular  acceleration  of  the  propeller.  The  sum  of  these 
two  terms  is  a  signal  of  blade  angle  rate,  which  is  converted 
to  blade  angle  position  by  an  integrating  servo.  With  this 
control  system,  a  combined  speed  and  fuel  flow  command  results 
in  very  little  blade  angle  change.  The  decreasing  blade  angle 
rate  resulting  from  a  higher  speed  set  command  to  the  integral 
term  is  opposed  by  an  increasing  blade  angle  rate  caused  by 
the  speed  response  to  fuel  flow  change  sensed  by  the  propor¬ 
tional  term.  With  proper  limits  and  gain  values,  these  two 
responses  effectively  cancel  so  that  the  response  is  approxi¬ 
mately  that  caused  by  fuel  flow  alone.  The  control  provides 
a  final  trimming  action  of  blade  angle  to  achieve  the  proper 
equilibrium  speed. 
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An  added  advantage  of  this  control  approach  is  the  response 
to  the  startup  condition,  in  which  a  system  accelerates  toward 
the  onspeed  condition  after  being  initially  underspeed.  Some 
control  configurations  require  a  crossing  of  the  onspeed  point 
before  control  action  occurs  to  limit  the  speed  increase.  This 
results  in  an  overspeed  peak.  The  revised  system  anticipates 
the  approach  to  onspeed  by  commencing  control  action  at  a  lower 
threshold  level  where  the  speed  error  through  the  integral 
term  is  cancelled  by  the  acceleration  response  through  the  pro¬ 
portional  term.  Speed  overshoot  is  then  reduced  or  eliminated 
entirely. 


Speed  Synchronizing 

Automatic  synchronization  of  the  speeds  of  multiple  engines 
can  be  achieved  by  applying  a  common  speed  reference  signal  to 
the  propeller  control  systems  of  all  engines.  This  is  typi¬ 
cally  done  by  electrical  means,  such  as  a  synchronous  motor  in 
each  propeller  control  for  speed  reference.  An  alternator 
driven  by  one  engine,  or  a  master  electric  motor  in  the  fuse¬ 
lage,  is  used  to  drive  all  reference  motors  at  a  common  speed. 
Comparison  of  each  individual  propeller  speed  with  that  of 
each  reference  motor  provides  a  speed  error  signal  to  the  pro¬ 
peller  control,  which  varies  blade  angle  until  the  speeds 
agree.  The  diagram  of  Figure  23  illustrates  schematically 
the  speed  synchronizing  relations. 

Using  the  proportional-plus-integral  control  function  which 
has  been  described  previously,  the  blade  angle  of  each  pro¬ 
peller  will  vary  until  the  propeller  speed  matches  the  common 
speed  reference.  The  use  of  speed  synchronizing  does  not 
change  the  response  or  stability  of  the  control  system,  and 
the  analytical  treatment  of  each  propeller  control  loop  is  the 
same  as  the  analysis  that  has  been  previously  presented  for 
control  of  a  single  propeller. 


Phase  Synchronizing 

When  the  speeds  of  multiple  propellers  are  unsynchronized, 
beats  of  sound  are  produced  which  are  uncomfortable  to  crew 
and  passengers.  As  the  speeds  approach  synchronism,  the  beat 
frequency  decreases  and  the  peaks  and  nodes  of  sound  vary  more 
slowly  until  they  stop  at  the  point  of  synchronization.  The 
point  at  which  they  stop  may  be  a  peak  or  a  node,  and  may 
slowly  alternate  between  them  at  random.  In  addition  to  speed 
synchronization,  it  is  therefore  desirable  to  control  the 
relative  angular  blade  positions  between  propellers  so  that 
the  sound  remains  at  a  node  when  synchronized.  This  will 
provide  minimum  noise  to  improve  the  comfort  of  crew  and 
passengers,  and  also  reduce  vibration  levels  in  the  aircraft 
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Figure  23.  Speed  Synchronizing  Control  Relations. 
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structure.  In  general,  this  minimum  sound  level  is  achieved 
when  adjacent  propellers  are  out  of  phase  so  that  the  blade 
passage  of  one  propeller  is  between  two  blade  passages  of  the 
next.  The  exact  phase  relation  for  minimum  noise  can  be  ad¬ 
justed  experimentally  in  flight  when  a  phase  synchronizing 
control  term  is  present. 

Control  approaches  for  achieving  blade  phase  synchronization 
are  shown  schematically  in  Figure  24.  In  all  of  the  arrange¬ 
ments,  a  basic  requirement  is  the  phase  sensing  device  which 
compares  the  angular  position  of  each  propeller  with  a  common 
phase  reference  source.  One  phase  sensing  approach  utilizes 
engine-mounted  alternators  that  produce  an  a-c  signal  as  an 
indication  of  propeller  position.  A  phase  discriminator  then 
compares  the  signal  from  each  engine  alternator  with  that  of  a 
common  reference  alternator  and  emits  an  electrical  signal  of 
the  phase  error. 

Arrangement  A  shown  on  Figure  24  illustrates  the  addition  of 
a  phase  synchronizing  term  to  a  typical  proportional-plus- 
integral  propeller  speed  control  system.  The  phase  error  pro¬ 
vided  by  the  phase  discriminator  is  applied  to  a  phase  control 
gain  term  which  develops  a  rate  of  blade  angle  change  propor¬ 
tional  to  phase  error.  This  represents  a  blade  angle  incre¬ 
ment  varying  as  the  time  integral  of  phase  error,  which  is 
added  to  the  basic  blade  angle  signal  from  the  speed  control 
terms.  A  limited  magnitude  of  blade  angle  variation  is  per¬ 
mitted  for  the  phase  control  term  so  that  the  speed  control 
has  full  authority  until  speed  is  synchronized,  after  which 
the  phase  term  adjusts  blade  angle  until  propeller  phase  is 
synchronized. 

Arrangement  B  shown  on  Figure  24  illustrates  a  method  for 
adding  phase  synchronization  to  a  speed  control  that  is  basi¬ 
cally  mechanical.  A  mechanical  signal  of  speed  error  is 
developed  by  comparison  of  a  shaft  driven  by  propeller  speed 
with  the  speed  reference  provided  by  a  synchronous  motor  driven 
by  a  master  alternator.  The  proportional  and  integral  control 
terms  are  provided  mechanically  in  the  propeller  governor  to 
drive  a  mechanical  pitch  change  servo.  The  electrical  phase 
error  term  from  the  phase  discriminator  is  applied  to  the  pro¬ 
peller  control  by  adding  an  electrical  speed  change,  or  fre¬ 
quency  shift,  to  the  alternator  frequency  which  drives  the 
synchronous  motor.  The  speed  change  is  typically  a  sinusoidal 
function  of  phase  error,  with  inherent  limited  authority.  In 
this  case,  the  phase  term  is  fed  through  both  the  proportional 
and  integral  terms  of  the  propeller  speed  control  so  that  gain 
relationships  among  the  three  terms  are  somewhat  interdependent. 

Arrangement  C  shows  the.  addition  of  a  phase  synchronizing 
term  to  a  propeller  control  in  which  the  speed  error  signal  is 
applied  only  to  the  integral  term.  This  may  be  desirable  for 
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Arrangement  A.  Phase  Control  Correction  Added  to  Blade  Angle 
Output  of  Control. 


Arrangement  B.  Phase  Control  Correction  Added  to  speed 
Reference  input  of  Control. 


Nref  =  Reference  speed 
Nerr  =  Speed  error 

0p  =  Angular  position  of  propeller 
0ref  =  Reference  angular  position 
0err  =  Angular  (phase)  error 
a  =  Proportional  gain 
b  =  Integral  gain 
c  =  Phase  sync,  gain 
s  =  Differential  operator 

Figure  24.  Phase  Synchronizing  Propeller  Control  Approaches. 


Accelerometer 


purposes  of  fuel  and  propeller  coordination  using  a  single 
power  lever,  as  discussed  previously.  In  this  arrangement, 
the  proportional  term  must  be  provided  by  a  speed  sensing 
method  which  can  cover  the  full  range  of  control  speed  vari¬ 
ation.  A  mechanical  flyweight  governor  is  not  practical  for 
this  purpose,  since  it  can  only  sense  speed  errors  for  a 
limited  range  about  a  nominal  reference  point. 

Arrangement  D  illustrates  a  more  practical  approach  for  a 
mechanical  phase  synchronizing  control  in  which  the  speed 
error  signal  is  applied  only  to  the  integral  term.  The  arrange¬ 
ment  shown  here  is  similar  to  that  presented  ir.  the  previous 
paragraphs  on  Fuel  and  Propeller  Coordination,  in  which  the 
proportional  control  term  responds  to  angular  acceleration  of 
the  propeller.  The  proportional,  integral  and  phase  synchron¬ 
izing  terms  all  provide  signals  of  blade  angle  rate,  which  are 
summed  and  then  integrated  by  the  servo  actuator  to  provide  an 
output  proportional  to  angle  position.  Appropriate  limits  of 
authority  in  which  proportional  and  integral  terms  are  approxi¬ 
mately  equal,  and  the  phase  term  is  much  smaller,  will  permit 
smooth  speed  control  followed  by  phase  synchronizing  after 
speed  equilibrium  is  reached. 

In  all  of  the  phase  synchronizing  arrangements  which  have  been 
shown,  the  basic  response  of  blade  angle  to  propeller  speed 
variation  is  the  same.  Ignoring  the  dynamics  of  the  servo 
actuator,  the  control  response  equation  is 


A/3  _ 
AN?  - 
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+  |2 
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When  this  control  transfer  function  is  combined  with  the  servo 
actuator  dynamics  and  the  transfer  function  for  engine  and  pro¬ 
peller  response,  the  open-loop  transfer  function  becomes 


Open-loop  function  =  i.a£-2 J: J?.s_  ULL  (80) 

S2(  reps  +  1)(  rcs  +  1) 

A  good  value  for  the  phase  synchronizing  gain  coefficient,  c, 
can  be  determined  by  using  a  damping  ratio  of  approximately 
.7  to  .8  in  the  numerator  quadratic  term.  This  has  been 
found  to  give  the  best  performance  by  servo  analysis  methods 
and  by  analog  computer  simulation.  Having  obtained  values 
for  proportional  and  integral  control  gains,  (a)  and  (b),  by 
use  of  the  relationships  which  have  been  discussed  previously 
under  speed  control  descriptions,  a  value  may  be  obtained  for 
the  coefficient  (c)  by  the  following  steps: 
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Express  the  numerator  in  the  form 


Numerator  =  cKg(§-  s2  +  ^  s  +  1) 

The  natural  frequency  and  damping  may  be 
expressed  as 

w  =  </F 

2£  _  b 
w  c 

From  these,  the  expression  for  (c)  is 


For  example,  typical  values  for  the  pro¬ 
portional  and  integral  terms  of  a  turboprop 
speed  control  are 


a  = 


b  = 


Using  a  numerator  damping  ratio  of  £  =  ,8, 
the  three  gain  terms  of  a  phase  synchronizing 
control  become 
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rpm 
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ADAPTIVE  PROPELT-.br  CONTROLS 

With  the  requirement  for  improved  controls  for  use  with  turbo¬ 
prop  engines  the  concept  of  adaptive  propeller  controls  was 
examined.  Although  the  adaptive  controls  were  never  used  for 
production  propellers,  it  became  apparent  that  with  advanced 
installation  where  a  large  range  of  flight  conditions  is  en¬ 
countered,  such  controls  are  needed  to  provide  satisfactory 
operation  over  the  entire  flight  range.  The  concept  of  adap¬ 
tive  propeller  controls  is  therefore  presented, as  it  may  also 
be  desirable  for  use  on  V/STOL  aircraft. 


Compensation  for  Varying  Flight  Conditions 

Typical  turboprop  governors  were  made  to  provide  good  propel¬ 
ler  control  performance  over  the  normal  range  of  operating 
conditions  by  the  selection  of  suitable  fixed  values  of  pro¬ 
portional  and  integral  control  gains.  With  the  addition  of 
phase  synchronizing  and  further  aircraft  developments  which 
extended  the  ranges  of  airspeed,  altitude,  and  power  vari¬ 
ations,  the  fixed  integral  control  gains  did  not  give  satis¬ 
factory  control  characteristics  over  the  entire  range.  Thus 
the  need  developed  for  some  form  of  adaptive  propeller  control 
system  to  compensate  for  the  increased  variations  of  engine 
and  propeller  response  characteristics. 

The  objectives  of  the  adaptive  control  approach  are  the  use  of 
simple  control  gain  manipulations  in  response  to  easily  obtain¬ 
able  measurements  within  the  engine  and  propeller  system  that 
will  compensate  for  variations  of  response  characteristics 
that  are  encountered.  An  effective  approach  is  established 
by  determining  the  correlation  of  the  engine  and  propeller 
gains  and  time  constants  with  variations  of  airspeed,  altitude, 
and  power  conditions.  Correlation  is  also  obtained  of  pro¬ 
peller  speed  and  blade  angle  with  power  conditions  and  air¬ 
speed.  From  these  correlations,  a  relatively  simple  approach 
is  developed  for  varying  control  gains  in  accordance  with  pro¬ 
peller  rpm  and  blade  angle  to  accomplish  a  major  portion  of 
the  adaptation  necessary  to  compensate  for  gain  and  time  con¬ 
stant  variations. 


Correlation  of  Gain  and  Time  Constants 


Using  the  methods  that  have  been  presented  previously,  engine 
and  propeller  derivatives  are  computed  for  a  broad  range  of 
airspeeds,  altitudes  and  power  conditions.  These  derivatives 
can  be  combined  into  the  form  of  engine  and  propeller  gain  and 
time  constant  which  define  the  propeller  control  character¬ 
istics.  When  these  gain  and  time  constant  values  are  plotted 
against  the  corresponding  values  of  airspeed,  altitude,  blade 
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angle,  and  propeller  speed,  the  conditions  for  correlation 
are  apparent. 

An  example  of  the  type  of  correlation  that  is  found  is  shorn 
in  Figure  25,  which  illustrates  the  relation  of  engine  and 
propeller  time  constant  to  variations  in  airspeed,  power  and 
altitude.  The  time  constant  decreases  as  airspeed  increases^ 
but  higher  altitudes  cause  the  time  constant  to  become 
greater.  The  influence  of  engine  power  variation  on  the  time 
constant  is  present  but  is  not  very  strong.  A  similar  plot 
showing  the  relation  of  time  constant  to  blade  angle  instead 
of  airspeed  is  shown  in  Figure  26.  This  plot  is  almost 
identical  to  the  airspeed  relation,  showing  that  there  is  a 
strong  correlation  between  blade  angle  and  airspeed.  The 
trend  with  altitude  is  also  similar  in  these  two  plots,  but 
the  weak  response  to  power  variation  is  reversed. 

Plots  of  the  relation  between  time  constant  and  variations  of 
turbine  speed  and  engine  power  showed  no  correlation.  This 
indicated  that  turbine  speed  is  not  a  useful  parameter  for  the 
indication  of  time  constant  variation. 

The  plot  of  engine  and  propeller  gain,  Kp  ,  shown  in  Figure 
27,  illustrates  the  variation  of  the  gain  coefficient  with 
engine  speed,  power  and  altitude.  In  this  case  there  is  a 
strong  correlation  between  the  gain  Kp  and  engine  speed. 
Correlation  of  the  gain  with  power  and  altitude  is  not  suf¬ 
ficient. 

Plots  of  the  relation  of  gain  to  airspeed,  power  and  altitude 
showed  that  no  correlation  existed  between  gain  and  airspeed. 

As  might  be  expected  from  the  close  relationship  between  air¬ 
speed  and  blade  angle,  there  was  also  no  correlation  between 
gain  and  blade  angle. 

The  results  of  these  correlation  studies  showed  that  the  two 
significant  engine  and  propeller  performance  parameters  of 
gain  and  time  constant  can  be  related  to  three  measurable  con¬ 
ditions.  These  conditions  are  blade  angle,  propeller  speed 
and  altitude.  This  implies  that  control  system  gains  could 
be  manipulated  by  functions  of  these  three  parameters  in  such 
a  manner  as  to  completely  compensate  for  variations  of  engine 
time  constant  and  gain  variations.  Measurements  of  altitude 
might  be  difficult  to  introduce  into  a  control  system,  but 
measurements  of  propeller  speed  and  blade  angle  exist  in  some 
form  in  any  propeller  control.  Ignoring  altitude  variations 
and  adjusting  control  system  gains  in  relation  to  the  other 
two  parameters,  propeller  speed  and  blade  angle  will  still 
provide  a  major  portion  of  the  necessary  compensation  for  vari¬ 
ations  of  flight  conditions.  Even  without  altitude  compen¬ 
sation,  the  resulting  variable-gain  control  system  will  provide 
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Engine  -  Propeller  Time  Constant,  T  ep  -  Seconds 
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Figure  26.  Variation  of  Engine  and  Propeller  Time  Constant 
With  Blade  Angle,  Po'  er  and  Altitude. 
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Figure  27.  Variation  of  Engine  and  Propeller  Gain  With 

Propeller  Speed,  Power,  Altitude  and  Airspeed 


a  major  improvement  over  the  normal  fixed-gain  system, 


Control  Gai'i  Compensation 

Having  determined  the  influence  of  flight  conditions  on  engine 
and  propeller  response  characteristics,  the  final  step  is  to 
establish  the  corresponding  variations  that  must  be  made  in 
control  gains  to  preserve  uniform  system  response  at  all  con¬ 
ditions.  As  shown  previously,  the  complete  open-loop  transfer 
function  for  a  phase  synchronizing  control  system  combined 
with  engine  and  propeller  characteristics  is 


Kfl  (as2  ±  bs  ±  c) _  (81) 

s2(rep  s  +  D<rc  3  +  1) 


In  this  expression,  the  rc  control  lag  may  actually  be  two 
or  more  lags  in  series.  However,  for  purposes  of  establishing 
control  gain  relations,  the  essential  principle  is  illustrated 
by  expressing  the  control  lags  by  a  single  unvarying  time  con¬ 
stant.  This  represents  the  relatively  constant  control  system 
dynamic  terms  which  are  unaffected  by  variation  of  flight 
conditions. 


The  initial  step  in  determining  control  gam  requirements  is 
to  examine  the  system  with  (a)  and  (b)  terms  alone.  The  phase 
synchronizing  term,  (c),  does  not  become  effective  until  speed 
has  become  stabilized.  The  initial  c.en-loop  expression  for 
speed  control  is  the  proportional-plus-integral  function  that 
has  been  previously  defined  as 


bKfl  (|  s  +  1) 

S  (  rep  s  +  1 )  (  rc  S  +  1 ) 


(82) 


The  criteria  that  have  been  previously  defined  for  good  con¬ 
trol  performance  are 


a  _ 
b 


Tep 


bKygrc  =  constant 


(83) 

(84) 


95 


Using  these  relations  and  the  correlations  with  flight  con¬ 
ditions  that  show  a  relation  of  r  ep  to  blade  angle  and  Kg  to 
propeller  rpm,  the  necessary  relations  of  the"  control  gains  to 
speed  and  rpm  can  be  determined.  Since  rc  is  a  constant,  the 
integral  gain,  the  value  of  (b),  must  vary  in  inverse  proportion 
to  the  engine-propeller  gain  K/j  in  order  to  preserve  the 
product  bK@rc  as  a  constant.  As  Kp  varies  in  proportion  to 
propeller  speed,  (b)  must  therefore  vary  in  inverse  proportion 
to  propeller  speed. 

Figure  28  repeats  the  plot  of  time  constant  variation  in  re¬ 
lation  to  blade  angle  and  altitude  conditions.  Superimposed 
on  this  plot  are  a  line  representing  an  average  value  of  r ep 
and  a  negative  proportional  line  for  the  ratio  a/b  which  pro¬ 
vides  a  good  compromise  for  control  purposes.  By  using  this 
a/b  relationship  to  blade  angle,  and  the  inverse  relationship 
of  (b)  to  propeller  speed,  a  well  compensated  speed  control  is 
obtained. 


Compensation  for  the  phase  synchronizing  control  gain,  (c), 
can  be  determined  from  the  damping  relationship  that  lias  been 
presented  previously: 


c  _ 
b  - 
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ww 
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This  shows  that  ratio  c/b  should  vary  in  inverse  proportion 
to  the  ratio  a/b  which  has  been  related  to  the  time  constant 
rep.  Since  7-ep  has  been  shown  to  vary  inversely  in  relation 

to  blade  angle,  this  indicates  that  the  ratio  c/b  should  vary 
in  direct  proportion  to  blade  angle.  The  plot  of  Figure  29 
shows  the  resulting  relationship  between  the  a/b  ratio,  the 
c/b  ratio,  blade  angle  and  rep. 

The  resulting  gain-compensated  control  system,  which  has  been 
defined  by  this  analytical  approach  and  verified  by  computer 
simulation, has  been  included  in  the  design  of  an  advanced  pro¬ 
peller  development  program.  In  summary,  che  control  compen¬ 
sation  relations  that  have  been  used  are: 


1.  To  compensate  for  variations  of  engine  and  propeller 
gain,  Kfi  ,  all  three  gain  terms,  (a),  (b),  and  (c), 
should  vary  simultaneously  in  inverse  proportion  to 
K#  .  This  may  be  accomplished  by  varying  an  overall 
gain  term  in  an  inverse  or  negative  proportional 
relation  to  propeller  speed, 

2.  The  ratio  of  the  proportional  gain,  (a),  to  the 
integral  gain,  (b),  should  vary  in  proportion  to 
the  time  constant,  rep.  A  satisfactory  compensation 
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Propeller  Blade  Angle  -  Degrees 

Figure  28.  Variation  of  Engine  and  Propeller  Time  Constant 
Related  to  Gain  Ratio  Compensation.  ,  , 


Figure  29.  Propeller  Control  Gain  Compensation  Relations 


for  this  a/b  ratio  can  be  obtained  by  varying  this 
term  in  negative  proportion  to  blade  angle  alone, 
since  the  relation  of  rep  to  blade  angle  is  negative. 

3.  The  ratio  of  the  phase  synchronizing  gain,  (c),  to 
the  integral  gain,  (b),  should  vary  in  negative  pro¬ 
portion  to  fep.  Satisfactory  compensation  can  be 

obtained  by  causing  the  ratio  c/b  to  vary  in  direct 
proportion  to  blade  angle. 

Further  work  is  needed  on  the  application  of  the  concept  of 
adaptive  propeller  controls  to  work  out  the  hardware  require¬ 
ments  and  to  prove  the  system  by  test  over  the  entire  range 
of  operation. 


TURBOPROP  CONTROL  DESIGN 
Design  Philosophy 

The  basic  concept  of  propeller  controls  for  turboprop  engines 
follows  the  original  approach  used  for  reciprocating  engines. 

In  that  system,  the  blade  angle  actuator  consisted  of  an  elec¬ 
tric  motor,  with  a  suitable  gear  reduction,  acting  to  increase 
or  decrease  blade  angle  in  response  to  governor  offspeed 
signals.  When  the  onspeed  condition  was  reached,  the  motor 
was  de-energized  and  a  brake  was  engaged  to  hold  the  blade 
angle  fixed.  The  maximum  rate  of  pitch  change  during  speed 
governing  was  of  the  order  of  3  degrees  per  second.  By 
means  off  oscillating  contacts  at  the  governor,  the  motor  was 
energized  in  a  series  of  pulses,  with  the  "on"  time  varying 
in  proportion  to  the  speed  error.  This  resulted  in  a  varying 
average  rate  of  pitch  change  proportional  to  speed  error,  which 
is  an  integral  control  function,  as  discussed  in  the  previous 
section  concerning  control  relations. 

A  maximum  rate  of  3  degrees  per  second  was  adequate  for 
speed  governing  purposes,  but  an  increased  rate  of  approxi¬ 
mately  twice  the  basic  rate  was  provided  for  feathering  or 
reversing  the  propeller  on  reciprocating  engines  by  applying 
a  booster  generator  to  increase  the  motor  voltage  for  short 
periods  of  time. 

For  turboprop  engines,  the  blade  angle  rate  requirements  are 
much  higher  than  for  reciprocating  engines.  This  is  particu¬ 
larly  true  in  the  case  of  reversing,  where  rates  of  the  order 
of  20  degrees  per  second  are  required  to  prevent  engine  over¬ 
speeds.  An  electric  motor  of  sufficient  power  to  achieve  such 
blade  angle  rates  would  be  prohibitive  in  size.  To  provide 
the  necessary  rates  with  reasonable  size  and  weight,  one 
approach  was  to  use  the  power  of  the  engine  itself  to  vary 
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blade  angle.  This  was  accomplished  by  mechanical  clutches 
which  are  electrically  engaged  to  couple  the  rotation  of  the 
engine  shaft  through  suitable  gearing  to  the  propeller  blades. 
Two  clutches  are  utilized,  one  geared  to  produce  increasing 
blade  angle,  and  one  to  produce  decreasing  blade  angle.  When 
neither  clutch  is  energized,  a  brake  is  engaged  to  hold  the 
blade  angle  fixed. 

Electrical  signals  to  engage  the  appropriate  clutch  and  dis¬ 
engage  the  brake  are  obtained  from  a  set  of  contacts  driven  by 
the  speed  governor.  For  the  higher  response  requirements  and 
the  greater  range  of  flight  conditions  encountered  with  turbo¬ 
prop  engines,  a  simple  integral  control  system  is  not  adequate. 
Therefore,  a  proportional-plus-integral  governor  is  used  as 
the  speed  control  system. 

The  output  of  the  speed  control  is  a  shaft  position  propor¬ 
tional  to  the  desired  blade  angle.  Comparison  of  the  governor 
output  shaft  with  a  shaft  driven  by  actual  blade  angle  provides 
a  mechanical  error  position  which  actuates  the  electrical  con¬ 
tacts  to  engage  the  clutches.  This  makes  the  clutch  system  a 
closed-loop  servo  actuator  which  drives  the  propeller  blade 
angle  to  match  the  desired  angle  from  the  speed  control 
governor.  The  actuator  arrangement  used  in  this  system  is 
described  in  the  section  Hub  and  Blade  Actuator  Design. 


Speed  Governor 

A  schematic  diagram  of  the  mechanical  governor  and  actuator 
arrangement  is  shown  in  Figure  30.  As  shown  in  this  diagram, 
one  shaft  rotates  at  a  "reference  speed"  which  represents  the 
desired  propeller  speed.  The  reference  speed  is  developed 
either  by  the  electrical  reference  motor  for  speed  synchron¬ 
izing,  or  by  a  mechanical  flyweight  governor  which  strokes  a 
variable  ratio  drive.  The  relation  between  governor  stroke 
and  the  variable  drive  ratio  is  matched  so  that  the  reference 
speed  is  maintained  at  approximately  the  correct  level  during 
offspeed  conditions.  An  electrically  operated  solenoid  clutch 
selects  between  the  synchronous  motor  reference  and  the  mechan¬ 
ical  reference. 

The  difference  between  propeller  speed  and  reference  speed  is 
obtained  with  gear  differential  Dl.  The  output  shaft  of  this 
differential  rotates  at  a  rate  proportional  to  speed  error, 
and  the  shaft  position  is  therefore  the  time  integral  of  speed 
error. 

Variable  ratio  drive  V2  and  gear  differential  D2  are  combined 
in  a  feedback  loop  that  acts  to  match  the  output  speed  of  V2 
to  the  reference  speed.  The  output  shaft  of  differential  D2 
rotates  to  the  angular  position  necessary  to  stroke  the  ratio 


control  arm  of  V2  to  the  proper  speed  ratio.  When  the  output 
speeds  are  matched,  the  ratio  control  arms  of  VI  and  V2  have 
equal  positions,  which  are  proportional  to  speed  error.  This 
loop  is  essentially  a  mechanical  power  amplifier  that  repeats 
the  governor  speed  error  position  that  appears  at  the  ratio 
control  arm  of  VI.  Since  the  force  capability  of  the  governor 
is  low,  this  amplification  has  been  used  to  provide  a  shaft 
position  at  the  output  of  D2  which  is  proportional  to  speed 
error  and  has  adequate  torque  and  stroke.  By  suitably  high 
gear  ratios  around  the  loop,  a  short  time  constant  is  main¬ 
tained  for  this  mechanical  amplifier  stage. 

The  integral  control  signal  from  the  output  of  differential  D1 
and  the  proportional  control  signal  from  the  output  of  differ¬ 
ential  D2  are  added  in  differential  D3.  The  output  of  D3  is 
then  a  shaft  position  which  is  a  proportional-plus-integral 
function  of  speed  error.  This  shaft  position  is  the  governor 
output  signal  of  desired  blade  angle. 

By  appropriate  selection  of  gear  ratios,  the  desired  values  of 
proportional  and  integral  gain  are  obtained.  For  typical 
turboprop  engines  and  propellers  with  which  this  governor 
system  has  been  used,  a  proportional  gain  of  a  =  .1  deg/rpm, 
and  an  integral  gain  of  b  =  .2  (deg/sec )/rpm  have  given  good 
performance  over  the  full  range  of  flight  conditions. 


Actuator  Relations 


The  schematic  diagram  of  the  governor  system.  Figure  30  ,  also 
illustrates  the  manner  in  which  the  actuator  is  connected  to 
the  governor.  The  governor  output  shaft  representing  desired 
blade  angle  is  connected  through  a  friction  clutch  to  gear 
differential  1)4 .  The  friction  clutch  has  the  purpose  of  per¬ 
mitting  the  output  of  the  governor  to  rotate  and  avoid  damage 
when  the  actuator  is  not  able  to  respond.  This  can  occur  during 
the  Beta  regime  or  under  power  conditions  where  low  blade  angle 
limits  have  been  reached. 

During  normal  governing  operation,  the  actual  blade  angle  is 
compared  with  the  desired  blade  angle  in  gear  differential  D4. 
Any  disagreement  between  the  two  appears  as  a  blade  angle  error 
at  the  output  shaft  of  D4.  Rotation  of  this  output  shaft  moves 
the  arm  of  a  contactor  to  energize  the  appropriate  actuator 
clutch  and  disengage  the  brake.  The  actuator  clutches  are 
designed  for  full  engagement  without  slipping.  When  engaged, 
the  blade  angle  rate  is  much  higher  than  the  governor  output 
rate,  so  that  a  small  pulse  of  blade  angle  change  occurs  and 
returns  the  contactor  arm  to  the  neutral  position  through  the 
feedback  path.  This  releases  the  clutch  and  engages  the  brake. 
Sufficient  dead-zone  is  present  in  the  contactor  to  permit  the 
brake  to  bring  the  blade  angle  drive  to  a  stop  before  the 
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opposite  contact  is  energized, 


Synchronized  Constant  Speed 

The  synchronizer  control  consists  of  two  basic  elements:  the 
synchronizer  master  unit,  which  is  mounted  in  the  fuselage, 
and  a  synchronous  reference  motor  mounted  on  each  propeller 
governor.  The  synchronizer  master  unit  is  an  accurately  con¬ 
trolled  motor-generator  set,  operating  from  the  28-volt  DC 
power  source,  which  supplies  an  AC  output  of  the  desired  fre¬ 
quency.  This  output  frequency  represents  the  desired  propeller 
speed,  and  is  adjusted  by  the  power  lever.  The  output  operates 
the  synchronous  reference  motors  in  each  propeller  governor  to 
provide  a  stable  speed  reference  which  is  identical  for  all 
propellers. 

The  synchronous  reference  i..otor  in  each  governor  is  supple¬ 
mented  by  the  standby  mechanical  speed  reference,  to  make  the 
governor  completely  self  contained.  The  speed  of  the  mechani¬ 
cal  reference  is  varied  by  a  linkage  from  the  engine  power 
coordinator,  which  sets  the  governor  reference  at  approximately 
the  same  speed  as  the  synchronizer  master  unit. 

In  the  event  of  failure  of  the  synchronizing  system,  the  mech¬ 
anical  speed  reference  is  automatically  engaged  by  a  governor 
speed  error  switch  which  releases  the  solenoid  clutch  and 
disengages  the  synchronous  motor. 

Individual  nonsynchronized  control  of  engine  speed  may  also 
be  selected  manually  by  operation  of  the  synchronizer  reset 
switch.  When  this  switch  is  opened,  the  governor  clutch  is 
de-energized, and  the  mechanical  speed  reference  is  engaged. 


Limit  Switches  and  Stops 

Electrical  limit  switches  are  provided  to  confine  blade  angle 
travel  to  the  required  operating  ranges.  Mechanical  limit 
stops  are  provided  at  feather,  air  start  and  low  pitch  blade 
angles,  as  well  as  at  high  reverse  pitch.  Intermediate  stops 
at  air  start  or  low  pitch  limits  are  retracted  under  conditions 
where  they  are  not  needed,  such  as  during  reverse  operation. 


Ground  Operation 

Blade  angle  follow-up  operation  for  reversing  and  ground  hand¬ 
ling  is  provided  by  motion  of  the  power  lever  into  the  Beta 
range.  The  Beta  control  signals  are  transmitted  mechanically 
from  the  power  lever  to  one  side  of  the  Beta  differential. 
Actual  blade  angle  is  transmitted  to  the  other  side  of  the 


differential.  The  output  of  the  Beta  differential  moves  the 
arm  of  a  contactor  which  is  similar  to  that  at  the  governor 
output.  During  Beta  operation,  electrical  power  is  removed 
from  the  governor  contactor  and  applied  to  the  Beta  contactor, 
which  then  energizes  the  appropriate  actuator  clutch  until  the 
desired  blade  angle  is  obtained. 

Reverse  thrust  operation  for  ground  braking  after  landing  is 
achieved  by  moving  the  power  lever  into  the  reversing  region 
of  the  Beta  range.  This  retracts  low  pitch  stops  and  applies 
a  signal  of  negative  blade  angle  to  the  blade  angle  actuator, 
which  causes  the  decrease  pitch  blade  angle  clutch  to  be  en¬ 
gaged  until  the  desired  reverse  pitch  angle  is  reached. 

Motion  of  the  power  lever  in  the  reversing  range  also  varies 
engine  power,  which  can  be  a  high  percentage  of  rated  power 
at  the  maximum  reverse  position.  Rapid  motion  of  the  power 
lever  to  the  full  reverse  position  immediately  after  landing 
will  apply  a  command  for  high  engine  power  to  the  fuel  control 
while  propeller  blade  angle  is  varying  from  forward  to  reverse 
pitch.  A  high  blade  angle  rate  is  necessary  to  prevent  over¬ 
speeding  of  the  engine  and  propeller  as  blade  angle  varies 
through  low  angles  before  reaching  a  sufficiently  high  reverse 
pitch  position  to  absorb  the  engine  power.  - — 

This  reversing  condition  defines  the  required  maximum  blade 
angle  rate  for  propeller  actuator  design.  The  plot  of  Figure 
31  presents  the  results  of  computations  used  in  selecting 
the  required  blade  angle  rate  for  a  typical  turboprop  instal¬ 
lation.  This  plot  illustrates  the  time  response  of  engine  and 
propeller  speed  as  blade  angle  varies  to  the  reverse  position 
while  a  constant  fuel  flow  equivalent  to  1250  horsepower  is 
applied.  The  response  shows  that  a  blade  angle  rate  of  20 
deg/sec  is  satisfactory  for  avoiding  an  overspeed  limit  of 
1440  rpm  using  either  of  two  propeller  inertia  values. 


Feathering  Manual 

Feathering  is  accomplished  by  energizing  the  increase-pitch 
clutch  and  releasing  the  brake  by  one  or  both  of  two  parallel 
systems.  Normally  the  energization  is  electrical,  either  from 
a  cockpit  control  or  as  an  automatic  feathering  signal  from 
the  engine.  A  parallel  mechanical  feathering  system  may  also 
be  provided,  which  can  be  actuated  by  a  cable  or  shaft  system 
from  the  cockpit  control.  The  mechanical  system  releases  the 
brake  and  engages  the  increase  pitch  clutch  by  cam  action. 

Mechanical  and  electrical  feathering  may  be  accomplished  simul¬ 
taneously  from  independently  actuated  cockpit  controls  without 
compromising  the  operation  of  either  system.  This  is  particu¬ 
larly  important  for  turboprop  installations  which  require 
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Propeller  Speed  r  rpm 


Initial  Conditions:  60  mph,  1200  Np,  1250  hp, 
Sea  Level,  Standard  Day 

Propeller:  14  feet  Diameter,  Three  Blades 


Figure  31.  Speed  Response  During  Blade 
Angle  Reversal. 


reliable  feathering  in  the  event  of  turbine  failure 


Negative  Torque  Controlled  Feathering 

Controlled  feathering  is  utilized  to  avoid  high  drag  forces  in 
the  event  of  engine  failure.  This  type  of  feathering  is  initi¬ 
ated  automatically  by  a  torque  switch  in  the  engine  reduction 
gearing  which  is  actuated  whenever  negative  torque  occurs. 

Without  controlled  feathering,  the  governor  would  attempt  to 
maintain  propeller  speed  by  reducing  blade  angle  if  an  engine 
power  failure  should  occur.  When  the  propeller  drives  a  turbo¬ 
prop  engine,  the  resulting  drag  can  be  very  high,  and  may 
endanger  control  of  the  aircraft  if  allowed  to  continue.  This 
high  drag  results  from  the  large  amount  of  energy  that  can  be 
absorbed  by  the  compressor,  which  is  derived  from  the  wind¬ 
milling  propeller  in  forward  flight.  As  shown  by  Figure  32 
this  drag  can  be  of  the  order  of  40%  of  takeoff  thrust  in  the 
case  of  a  burner-off  power  failure.  Even  greater  drag  will 
result  if  the  turbine  wheel  fails  and  can  no  longer  recover  a 
portion  of  the  compressor  energy.  In  this  case,  the  drag  can 
exceed  100%  of  takeoff  thrust. 

Controlled  feathering  converts  the  characteristics  of  the 
turboprop  engine  into  an  advantage  by  utilizing  the  kinetic 
energy  stored  in  the  rotating  parts  of  the  dead  engine  on  a 
controlled  basis  to  provide  positive  thrust  until  almost  all 
of  the  energy  has  been  converted  to  help  propel  the  airplane. 
Controlled  feathering  also  prevents  excessive  torque  on  the 
engine  shaft  and  gearing  which  would  result  if  the  propeller 
went  immediately  to  feather  at  high  engine  rpm. 

This  system  operates  on  a  cyclic  basis  as  follows:  When  the 
no-torque  or  negative  torque  signal  is  obtained,  the  torque 
switch  closes,  disconnecting  the  governor  circuit  and  starting 
the  propeller  blades  toward  feather  at  a  high  rate  of  pitch 
change.  As  this  occurs,  the  blades  absorb  positive  torque 
from  the  decelerating  engine  and  thus  produce  positive  thrust. 
The  positive  torque  reopens  the  torque  switch  and  returns  the 
propeller  to  governor  control.  This  causes  the  propeller  to 
decrease  pitch  until  zero  or  a  slight  negative  torque  is  again 
obtained,  at  which  point  the  torque  switch  will  close  and  the 
cycle  repeats  itself. 

Figure  33  illustrates  the  effect  of  controlled  feathering 
under  typical  flight  conditions.  Excessive  propeller  drag  is 
prevented,  and  much  of  the  kinetic  energy  remaining  in  the  pro¬ 
peller  and  turbine  is  converted  to  useful  positive  thrust. 
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Percent  of  Takeoff  Thrust 


Takeoff  Thrust 


Propeller  Thrust  Variation 
After  Engine  Power  Failure 

Controlled  Feathering 

Initial  Condition: 

150  MPH,  Sea  Level 
Takeoff  Power 


Continuous  Feather 
Below  80%  of 
Flight-Idle  rpm 
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Figure  33 •  Controlled  Feathering. 
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PROPELLER  APPLICATION 


REVIEW  OF  PAST  APPLICATIONS  AND  TESTS 

Some  typical  propeller  installations  will  be  reviewed  and  dis¬ 
cussed  to  provide  an  insight  for  possible  future  applications 
and  designs.  Covered  will  be  the  problems  encountered  in  the 
areas  of  performance,  control,  weight,  noise,  vibrations  and 
structural  failures.  Also  discussed  will  be  the  propeller 
selected  for  typical  CTOL,  STOL  and  V/STOL  aircraft  and  some 
propeller  test  results  of  importance.  From  this  discussion  it 
is  hoped  to  provide  a  background  that  will  enable  the  designer 
to  eliminate  the  many  problems  that  have  been  encountered,  and 
will  provide  the  basis  for  the  design  and  selection  of  propel¬ 
lers  for  optimizing  the  total  system. 

The  propeller  installations  considered  cover  a  range  of  single 
and  multi-engine  configurations  for  conventional  aircraft  with 
reciprocating  engines  such  as  the  P-47,  C-124,  B-50,  DC-6  and 
L-1049.  Turboprop  engine  installations  such  as  the  C-130, 
C-133  and  B-47  are  also  covered.  Table  I  gives  the  impor¬ 
tant  parameters  of  the  typical  propeller  installations.  The 
power  and  rotational  speed  given  are  the  maximum  operating 
values,  generally  takeoff. 


Republic  P-47 


The  Republic  P-47  airplane  was  equipped  with  a  four-blade 
propeller,  and  is  of  interest  because  it  was  a  very  successful 
WW  II  fighter  aircraft.  The  airplane  first  used  propellers 
with  narrow  blades  of  approximately  70  activity  factor,  but 
as  the  power  rating  was  increased,  the  so-called  paddle  blades 
were  installed  which  had  an  activity  factor  in  the  range  of  100. 
These  blades  improved  the  climb  and  altitude  performance  of 
the  airplane  as  the  blade  sections  operated  at  lower  lift  co¬ 
efficients  and  thus  higher  lift  drag  ratios  at  these  flight 
conditions. 

The  P-47  was  one  of  the  fastest  propeller- driven  airplanes  of 
the  time,  attaining  speeds  in  the  range  of  475+  mph  at  alti¬ 
tude.  A  great  deal  of  effort  was  made  to  improve  the  high¬ 
speed  performance  of  the  propellers  for  the  P-47  airplane. 

These  efforts  were  generally  unsuccessful  as  the  blades  were 
operating  near  peak  efficiency  for  the  given  blade  number  and 
propeller  diameter;  also  the  techniques  for  optimizing  the 
blade  design  were  not  available,  so  the  last  increment  of 
efficiency  could  not  be  realized. 

Because  of  its  high-speed  characteristics,  the  P-47  airplane 
was  used  as  a  propeller  test  bed.  One  of  the  tests  of  interest 


109 


TABLE  I.  SUMMARY  OF  TYPICAL  PROPELLER  INSTALLATIONS 


was  an  investigation  of  the  use  of  reverse  thrust  propellers 
in  flight  to  limit  dive  speeds.  Rather  than  using  dive  breaks 
on  the  wing  tor  limiting  the  speed,  it  was  reasoned  that  the 
propeller  operating  at  negative  blade  angles  could  be  used  and 
at  a  much  lower  installed  weight. 

Flight  tests  of  the  propel1’ er  as  a  dive  brake  on  the  P-47 
airplane  indicated  that  high  values  of  negative  thrust  could 
be  obtained  in  a  dive.  Indeed,  the  tests  showed  that  negative 
values  of  thrust  in  excess  of  13,000  pounds  could  be  obtained 
with  the  propeller  windmilling.  Higher  values  of  negative 
thrust  were  known  to  be  possible  with  the  addition  of  small 
amounts  of  power.  These  values  of  negative  thrust  can  be  cal¬ 
culated  using  the  data  of  Reference  8,  and  the  method  given 
in  Volume  I.  Although  high  values  of  negative  thrust  could  be 
obtained  with  the  reverse  pitch  propeller  which  was  more  than 
adequate  for  the  intended  application,  many  problems  were  en¬ 
countered.  One  such  problem  occurred  when  the  blade  angle  was 
changed  from  a  positive  to  a  negative  value  in  flight.  In  this 
case  a  region  is  encountered  where  large  values  of  negative 
torque  are  obtained;  as  this  torque  is  much  higher  than  that 
of  the  engine,  severe  over-speeding  is  obtained  unless  the 
propeller  has  a  very  high  rate  of  pitch  change.  The  pitch 
change  rate  required  is  in  the  range  of  25  to  30  degrees  per 
second.  Also,  when  the  propeller  is  operating  at  high  values 
of  negative  thrust,  the  wake  is  extremely  unsteady  with  a  large 
amount  of  energy.  This  unsteady  wake  caused  very1  high  loads 
on  the  tail  surfaces  of  the  airplane  with  shaking,  and  in  one 
case  the  loss  of  a  horizontal  tail  surface.  If  negative  thrust 
propeller  is  considered  again,  these  factors  must  be  accounted 
for  in  the  design. 

The  P-47  airplane  was  equipped  with  a  thrust  and  a  torque 
meter  so  that  the  performance  of  propellers  in  flight  could 
be  measured.  Tests  were  conducted  up  to  forward  Mach  numbers 
of  0.8.  To  obtain  this  Mach  number  the  airplane  was  operated 
in  .shallow  dives.  Included  in  the  testing  were  tests  of  swept- 
back  blades  and  blades  with  very  low  thickness  ratios.  These 
tests  indicated  that  thin  blades  are  equivalent  to  swept-back 
blades  when  designed  for  equal  blade  stress.  That  is, the  gain 
ir  critical  Mach  number  due  to  a  reduction  in  thickness  ratio 
is  equivalent  to  that  obtained  due  to  sweep,  A  more  complete 
discussion  of  these  tests  is  given  in  Reference  9. 


The  Boeing  B-29.  B-50  Airplanes 

The  B-29  airplane  was  equipped  with  four-blade  propellers  in 
16‘8"  diameter.  While  the  bulk  of  the  fleet  used  hydraulic 
propellers,  a  few  special  airplanes  used  electric  controlled 
propellers.  The  electric  propeller  was  chosen  at  that  time 
because  of  ability  to  provide  reverse  thrust  for  an  aborted 
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takeoff  and  breaking  during  landing.  The  electric  propeller 
was  also  chosen  as  the  hydraulic  propeller  tended  to  freeze 
at  altitude,  thus  preventing  pitch  change. 

The  B-50  airplane  was  an  increased  power  version  of  the  B-29. 

It  was  equipped  with  four-blade  propellers  using  an  electric 
motor  for  pitch  change.  Although  this  was  a  reasonably  trouble 
free  installation,  there  was  one  serious  accident  caused  by  a 
propeller  malfunction.  In  this  case  the  brake  on  the  electric 
pitch  change  motor  failed,  allowing  the  blade  angle  to  go  to 
low  pitch.  This  resulted  in  a  large  value  of  negative  thrust 
on  one  propeller  that  was  uncontrollable  and  caused  the  loss 
of  the  airplane.  This  accident  was  typical  of  several  acci¬ 
dents  caused  by  malfunctioning  propellers.  The  propellers 
using  hydraulic  power  for  changing  blade  angle  also  had  the 
tendency  to  go  toward  reverse,  and  several  accidents  were  caused 
by  this  type  of  failure. 


The  Consolidated  B-36 

The  B-36  airplane  used  six  3-blade  pusher  propellers  with  a 
diameter  of  19  feet.  This  propeller  was  the  largest  production 
propeller  in  the  world  and  was  one  of  the  few  pusher  propeller 
installations.  The  pusher  propeller  was  chosen  for  the  B-36 
as  it  was  considered  from  an  airplane  drag  point  of  view  desir¬ 
able  to  maintain  clean  free-stream  air  over  the  wing.  Thus 
the  propeller  slipstream  could  not  be  tolerated  over  the  wing, 
and  the  pusher  propeller  was  selected. 

Although  the  drag  penalty  caused  by  the  interference  o/.:  the 
propellers  slipstream  was  unfavorable,  the  effects  of  the  wing 
slipstream  produced  high  alternating  blade  stresses.  These 
blade  stresses  were  especially  high  when  the  wing  flaps  were 
lowered.  In  this  case  the  wake  of  the  flaps  caused  a  severe 
velocity  gradient  in  the  plane  of  the  propeller  disc.  As  a 
result,  each  time  a  blade  passed  through  the  wing  wake  it  was 
unloaded  and  then  loaded,  causing  a  large  increase  in  the 
vibratory  blade  stress.  The  magnitude  of  this  vibratory  stress 
was  very  high  and  led  to  many  problems  in  structural  blade 
fatigue. 

Performance  and  weight  were  important  considerations  in  the 
design  of  the  propeller  for  the  B-36,  and  every  effort  was  made 
to  achieve  peak  efficiency,  especially  at  the  cruise  condition. 
Because  of  the  blade  size  and  pitch  change  rate  requirements, 
the  clutch  system  shown  on  page  10  was  used  for  this  propel¬ 
ler.  Another  unusual  feature  was  used  on  the  B-36  propeller 
was  hot  air  deicing.  This  system  is  further  discussed  on 
page  293,  Volume  II. 
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Boeing  B-47D 

Although  the  Boeing  B-47  airplane  was  originally  designed 
using  six  jet  engines,  studies  indicated  that  important  im¬ 
provements  in  terms  of  extended  range  could  be  obtained  by 
replacement  of  the  four  jet  inboard  engines  with  two  turbo¬ 
prop  engines.  An  experimental  program  was  therefore  undertaken 
to  evaluate  this  concept. 

To  obtain  good  cruise  performance  and  delay  compressibility 
losses  to  as  high  a  Mach  number  as  possible,  a  transonic  type 
propeller  was  selected.  This  four-blade  propeller  used  very., 
wide  200  activity  factor  blades.  The  blades  were  designed 
with  low  values  of  thickness  ratio  and  design  lift  coefficient 
to  delay  the  compressibility  losses  and  thus  give  good  high¬ 
speed  performance. 

The  propeller  installation  on  the  B-47D  airplane  was  also  un¬ 
usual,  as  an  "E"  cowl  was  used  to  maintain  high  levels  of  ram 
recovery.  This  is  the  only  known  installation  that  used  a 
full-scale  "E"  type  cowl.  As  predicted,  the  ram  recovery 
obtained  was  excellent.  Unfortunately  the  cost,  weight  and 
maintenance  time  requirements  are  serious  problems  with  the 
"E"  type  cowl. 

The  B-47D  program  was  not  a  success  because  of  the  many  prob¬ 
lems  encountered  with  the  engine  and  the  dangers  associated 
with  malfunctioning  propellers.  Because  of  asymmetrical  thrust, 
the  loss  of  an  engine  on  takeoff  was  particularly  dangerous. 
For  this  and  many  other  reasons  the  program  was  dropped.  The 
B-47D  program  emphasized  the  need  for  propellers  with  addi¬ 
tional  safety  features  and  more  complete  initial  design 
criteria. 


Douglas  DC-6 

The  DC-6  airplane  used  both  dural  and  steel  blade  propellers. 
Because  of  the  advantages  of  the  steel  blades  in  terms  of 
foreign  object  damage  and  improved  maintenance, these  blades 
were  originally  used  on  a  large  segment  of  the  DC-6  fleet.  At 
that  time  the  problems  associated  with  lxP  stresses  due  to  flow 
angularity  into  the  propeller  were  not  too  well  understood  and 
the  original  steel  blades  used  may  have  been  under-designed. 

As  a  result,  on  at  least  two  occasions,  blades  were  lost  in 
flight  with  the  loss  of  the  engine  in  both  cases.  Fortunately 
the  airplanes  were  landed  safely.  As  a  result  of  the  problems 
with  the  DC-6  program,  the  theory  for  calculating  the  lxP  blade 
stresses  was  developed.  The  application  of  this  new  theory 
led  to  more  realistic  blade  designs. 
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Since  the  advantages  in  weight  of  the  hollow  steel  blade  is 
small  compared  to  the  dural  blade  when  the  diameter  is  13  feet, 
the  steel  blades  were  replaced  with  dural  blades  on  almost  all 
the  DC-6  fleet.  This  was  done  because  of  the  adverse  experi¬ 
ence  with  the  steel  blades. 

During  the  early  development  of  the  DC-6,  concern  was  had  re¬ 
garding  a  loss  of  cabin  pressure  at  altitude.  One  solution 
proposed  was  the  reversal  of  all  four  propellers  with  the  air¬ 
plane  in  nearly  level  flight.  This  would  result  in  very  rapid 
rates  of  descent,  as  a  considerable  amount  of  wing  lift  is 
lost  aft  of  the  reversed  propeller,  which  allows  the  airplane 
to  descend  rapidly.  Tests  with  a  C-54  airplane  confirmed  this 
idea,  as  descents  at  10,000  feet  per  minute  were  made  under  com¬ 
plete  control.  The  concept  was  never  used,  however,  because 
of  safety  problems. 


Convair  CV-240 

The  steel  blade  experience  with  the  Convair  CV-240  airplane 
was  betVi,  than  with  the  DC-6.  These  blades  were  similar,  but 
in  t*-'  -use  of  the  CV-240,  longer  trailing-edge  extensions  were 
used.  The  performance  of  these  blades  was  excellent  and  better 
than  the  dural  blades  also  used  on  the  airplane.  The  excellent 
performance  of  these  blades  led  to  the  investigation  of  blade 
section  types  and  indicated  that  the  trailing-edge  sections  were 
similar  in  performance  to  NACA  65  sections.  The  65  series 
sections  also  proved  to  be  excellent  blade  sections  and  were 
applied  to  many  future  designs. 


Lockheed  L-749,  L-1049,  L-1649 

The  Lockheed  Constellation  series  of  airplanes  used  larger 
diameter  propellers  than  the  DC-6  and  DC-7,  and  as  a  result 
the  weight  advantage  of  the  hollow  steel  blade  was  more  pro¬ 
nounced.  The  airplane  was  equipped  with  both  steel  and  dural 
blades,  depending  on  the  choice  of  each  airline.  The  overall 
operation  of  the  airplane  with  the  steel  blades  was  generally 
excellent,  and  blade  lives  in  excess  of  30,000  hours  were 
recorded. 

Early  in  the  Constellation  program, it  was  found  necessary  to 
balance  the  propellers  aerodynamically.  The  methods  described 
in  the  aerodynamics  section  of  this  report  were  developed  at 
this  time  and  were  found  to  be  satisfactory  for  the  purpose. 
The  aerodynamic  balancing,  in  addition  to  normal  static  bal¬ 
ancing  of  propellers,  gave  the  desired  results. 
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The  flight  performances  of  the  Constellation  airplane  was 
below  the  desired  level  and  the  competition.  As  a  result,  an 
attempt  was  made  to  make  a  large  improvement  with  the  use  of 
a  new  wing  and  propeller.  The  propeller  diameter  was  increased 
from  15  feet  to  16'8",  and  the  wing  aspect  ratio  became  12,  to 
convert  the  1049  series  to  the  1649  airplane  series.  Associ¬ 
ated  with  this  change  in  diameter  was  a  change  in  gear  ratio. 
The  results  of  these  changes  were  disappointing  to  Lockheed, 
and  it  was  later  found  that  the  propulsion  efficiencies  of  the 
15 '0"  and  16 ’8"  propellers  were  nearly  the  same  when* operating 
at  the  cruise  condition. 

The  Lockheed  1649  was  the  only  known  airplane  to  use  hollow 
dural  blades.  These  blades  were  in  service  only  a  short  time, 
as  cracks  in  the  area  of  the  tips  developed  within  a  very 
short  period  of  time.  The  hollow  dural  blades  were  replaced 
with  solid  dural  blades,  and  this  resulted  in  a  large  weight 
•  penalty  compared  with  the  competitive  steel  blade  propellers. 


Boeing  Model  377,  C-97 

The  Boeing  Stratocruiser  Model  377  and  its  military  version 
C-97  used  two  different  types  of  steel  blades,  and  finally  a 
solid  dural  blade.  One  of  the  steel  blades  used  was  the 
welded  type  described  in  Volume  XI,and  tha  other  steel  blade 
was  the  spar  type  with  the  steel  cover  brazed  to  the  spar.  In 
general,  the  welded  type  blade  gave  excellent  service  with  no 
known  failures.  The  spar  type  blade  developed  cracks  in  the 
outer  skin  which  would  be  transmitted  to  the  spar, causing  a 
failure.  On  the  C-97  airplane  this  situation  became  so  bad 
that  the  entire  fleet  was  refitted  with  dural  blades.  Since 
the  diameter  of  the  propeller  was  16' 8",  this  change  to  solid 
dural  blades  was  done  at  the  expense  of  a  large  increase  of 
weight  for  the  airplane. 


Douglas  C-124A  and  C-124C 

The  C-124A  and  C-124C  airplanes  were  the  last  of  the  cargo 
airplanes  designed  with  reciprocating  engines.  These  airplanes 
used  three-blade  propellers  approximately  17  feet  in  diameter 
with  both  welded  and  extruded  steel  type  blades.  This  instal¬ 
lation  is  of  interest  as  it  was  necessary  to  increase  the 
engine  shaft  size  because  of  problems  with  cracking  found  with 
earlier  models.  The  shaft  cracking  was  believed  to  be  caused 
by  high  loads  generated  by  the  lxP  propeller  forces  and 
moments.  The  original  welded  steel  blades  used  on  this  air¬ 
plane  were  replaced  with  extruded  steel  blades  because  of 
their  improved  overall  characteristics.  After  these  changes, 
the  propeller  history  of  the  C-124  fleet  has  been  good. 


115 


Lockheed  C-130 


The  Lockheed  C-130  is  one  of  the  most  successful  turbo¬ 
propeller  airplanes  built  to  date.  Well  over  1000  airplanes 
have  been  built,  and  it  has  been  used  for  a  number  of  different 
missions. 

The  C-130  airplane,  since  the  first  flight  of  the  "Y"  model  in 
1954,  has  used  four  different  propellers  designed  by  all  three 
of  the  major  manufacturers.  The  first  propeller  was  15  feet 
in  diameter  and  used  150  activity  factor  steel  blades.  This 
propeller  was  designed  to  meet  very  high  rates  of  blade  angle 
change  that  were  thought  to  be  necessary  for  the  control  of 
the  coupled  T-56  turboprop  engine  used  on  the  C-130  airplane. 

High  rates  of  blade  angle  change  were  considered  to  be  neces¬ 
sary  on  the  C-130  airplane,  as  a  failed  fixed  turbine  turboprop 
engine  is  capable  of  absorbing  ] arge  amounts  of  power  from 
the  windmilling  propeller.  This  in  turn  means  the  drag  of 
the  windmilling  propeller  will  be  very  high.  To  eliminate 
this  possibility,  large  rates  oi.  pitch  change  were  specified. 
These  rates  of  pitch  change  we.-e  also  considered  desirable 
to  reduce  the  time  required  for  the  propeller  to  go  from  the 
flight  idle  stop  to  reverse.  A  minimum  time  to  change  blade 
angle  was  considered  desirable  to  maximize  the  effectiveness 
of  braking  action  of  the  propellers  and  reduce  landing  roll. 

To  achieve  high  rates  of  pitch  change,  the  propeller  was 
designed  with  a  mechanical  pitch  change  mechanism  using  high¬ 
speed  clutches.  Thus  th*‘  relative  motion  between  the  propel¬ 
ler  and  the  engine  casing  was  converted  to  blade  angle  change 
by  the  clutches  and  a  suitable  gear  train.  Although  the 
desired  characteristics  were  obtained,  the  original  clutch  type 
propeller  was  replaced  early  in  the  program  due  to  an  exten¬ 
sive  series  of  mechanical  difficulties. 

The  mechanical  propeller  was  replaced  by  a  three-blade 
hydraulic  propeller  also  in  15' 0"  diameter.  This  propeller 
gave  satisfactory  operation  except  it  was  reported  that  the 
noise  level  produced  was  7  db  above  the  original  propeller. 
This  change  in  noise  is  of  interest,  as  both  propellers  oper¬ 
ated  at  the  same  power  and  rotational  speed.  The  change  in 
noise  level  is  considered  to  be  due  to  the  change  in  load 
distribution  between  the  two  propellers. 

Because  of  the  high  internal  noise  characteristics  of  the 
C-130A  airplane  equipped  with  the  15-foot- diameter  propellers, 
the  next  model  of  the  airplane  was  equipped  with  four-blade 
13 '6"  diameter  propellers.  These  13 '6”  diameter  propellers  ' 
will  have  lower  takeoff  and  climb  performance  compared  with 
the  15 '0"  diameter  three-blade  propellers,  and  about  the  same 
cruise  performance.  This  compromise  to  reduce  the  noise  was 
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considered  to  be  necessary 


It  is  believed  that  had  the  criteria  been  realistically  estab¬ 
lished  for  the  propeller,  the  difficulties  and  many  pro¬ 
peller  changes  could  have  been  avoided  on  the  C-130  airplane. 


Douglas  C-133 

The  C-133  airplane  wste-a  large  cargo  airplane  using  3-bladed, 
18-foot-diameter  propellers.  The  T-34  turboprop  engine  was 
used.  This  engine  is  also  of  the  fixed  turbine  type.  Pitch 
change  on  the  C-133  propeller  was  accomplished  with  the  use  of 
low-speed  clutches,  as  the  power  requirements  were  high  due  to 
the  high  rate  of  pitch  change  required  and  the  size. 

The  propeller  was  originally  designed  for  the  engine  operating 
at  approximately  5500  shaft  horsepower.  When  the  power  rating 
of  the  airplane  was  increased  to  7000  shaft  horsepower,  blade 
stall  flutter  was  encountered.  While  the  flutter  disappeared 
at  a  speed  in  the  range'  of  30  to  50  knots  and  restrictions  to 
eliminate  the  flutter  did  not  affect  the  takeoff  distance, 
such  a  flutter  condition  was  considered  to  be  unsatisfactory. 

The  stall  flutter  encountered  was  also  very  bad  because  the 
original  blade  had  a  fundamental  torsional  frequency  very  near 
the  operating  rpm.  Thus  when  flutter  was  encountered,  high 
blade  stresses  were  encountered  as  well  as  high  blade  gear 
loads.  These  high  stresses  caused  problems  with  the  blade 
gears,  including  several  failures.  In  one  case  the  blade  pitch 
change  gear  failed  in  flight,  causing  one  blade  to  go  to  the 
low  pitch  setting  in  flight,  ""although  this  caused  a  very  large 
unbalance,  the  pilot  was  able  to  maintain  control  and  land  safely. 

To  eliminate  the  flutter  and  blade  gear  problems,  a  new  blade 
was  designed.  This  blade  was  designed  with  an  increased  thick¬ 
ness  ratio  in  the  critical  area  to  increase  the  torsional 
stiffness.  To  compensate  for  the  increase  in  thickness,  the 
design  lift  coefficient  of  the  blade  was  reduced  so  that  the 
cruise  performance  '.->uld  be  maintained.  Calculations  indi¬ 
cated  that  this  change  would  not  increase  the  takeoff  distance, 
and  this  was  confirmed  by  tests.  With  the  blade  modifications 
as  described,  the  flutter  and  torsional  problems  encountered 
with  the  first  blade  design  were  eliminated. 

One  of  the  major  problems  of  the  C-133  airplane  was  the  high 
noise.  Since  the  engine  was  a  fixed  turbine  turboprop,  the  ro¬ 
tational  speed  was  nearly  constant.  For  this  reason,  to  obtain 
high  performance  with  a  reasonable  size  propeller,  it  was  neces¬ 
sary  to  operate  at  fairly  high  tip  speeds.  Unfortunately  these 
high  tip  speeds  were  also  encountered  in  cruise,  with  the  result 
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that  the  noise  level  in  the  airplane  was  extremely  high.  In 
fact,  the  noise  level  was  so  high  in  the  airplane  that  it  was 
restricted  for  use  as  a  troop  carrier  and  therefore  could  only 
be  used  for  cargo. 


V/STOL  Propeller  Installations 

With  the  advent  of  lightweight  turboprop  engines,  high  values 
of  thrust  to  weight  became  possible  so  that  vertical  takeoff 
with  propeller-driven  airplanes  became  possible.  Using  the 
principle  of  tilting  the  propeller  and/or  the  wing,  it  appeared 
that  much  higher  speeds  than  are  possible  with  helicopters 
would  be  possible. 

One  of  the  first  major  attempts  to  develop  propeller-driven 
VTOL  airplanes  was  with  the  Convair  XFV  and  the  Lockheed  XFY 
tail  sitter  airplanes.  These  airplanes  used  six-blade  dual¬ 
rotation  propellers  in  16 '0"  diameter  to  eliminate  the  torque 
reaction.  Control  of  the  airplane  was  obtained  at  low  speeds 
using  control  surfaces  operating  in  the  propeller  slipstream. 
With  these  configurations  the  whole  airplane  was  rotated  from 
the  takeoff  and  landing  position  to  the  cruise  condition. 

Although  the  Convair  airplane  did  make  several  successful 
flights,  the  project  was  abandoned  because  of  the  difficulty 
of  backing  in  for  a  landing  and  the  recognition  that  many 
safety  features  in  the  engine  and  propeller  system  were  lack¬ 
ing.  Further  studies  showed  that  in  spite  of  the  use  of  dual- 
rotation  propellers,  the  blades  tended  to  unload  at  the  high¬ 
speed  condition,  which  along  with  compressibility  losses 
would  result  in  low  values  of  efficiency. 

There  were  several  other  propeller-driven  V/STOL  airplanes 
using  tilting  propellers  and  for  tilt  wings,  thus  making  it 
possible  to  maintain  a  level  fuselage  at  all  flight  conditions. 
These  included  the  XC-142,  CL-84  and  X-19  airplanes.  So  far, 
none  of  these  airplanes  have  been  produced  in  any  quantities 
and  have  not  been  too  successful. 

During  the  development  of  the  propellers  for  V/STOL  airplanes, 
it  was  recognized  that  the  reliability  features,  safety  and 
weight  of  the  propellers  must  be  better  than  the  propellers 
of  the  past.  Important  improvements  were  made  in  the  weight 
with  the  use  of  composite  materials  and  integral  gearboxes. 
Safety  was  improved  through  the  use  of  dual  blade  actuators 
and  improved  control  systems.  Reliability  was  improved  with 
better  analysis  and  testing.  As  a  result,  the  overall  charac¬ 
teristics  of  propellers  for  these  airplanes  were  better  than 
past  designs. 
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In  spite  of  the  improvements,  unexpected  difficulties  were 
encountered  with  the  propellers  on  the  V/STOL  airplanes.  One 
of  the  most  serious  problems  was  the  inability  to  design  and 
predict  the  performance  of  propellers  operating  at  the  hover 
condition.  In, almost  all  cases  the  thrust  predicted  was  much 
higher  than  measured.  This  problem  is  still  not  completely 
resolved. 

In  the  case  of  the  composite  monocoque  blades  using  a  foam 
filler,  separation  of  the  foam  from  the  plates  was  encountered. 
Various  types  of  foam  materials  were  tried;  however,  this 
problem  was  never  completely  resolved.  It  appears  that  the 
spar  blade  might  be  better  in  this  respect,  as  less  dependence 
on  the  filler  is  needed.  Rain  erosion  with  composite  blades 
can  be  a  problem  unless  proper  materials  are  used  to  protect 
the  leading  edges  of  the  blades. 

In  some  cases  difficulties  have  been  encountered  with  much 
higher  vibratory  blade  stresses  than  expected  with  propellers 
on  V/STOL  airplanes.  Some  of  these  difficulties  can  be  traced 
to  the  structure  of  the  airframe,  which  is  extremely  flexible 
due  to  need  to  attain  a  minimum  weight.  In  other  cases  the 
propeller  was  at  fault  due  to  a  misplaced  blade  resonance 
frequency.  These  problems,  in  addition  to  difficulties  in 
obtaining  a  true  propeller  balance,  have  caused  the  airplane 
to  be  rough  and  give  the  V/STOL  propeller  airplane  a  bad 
image. 


FUTURE  PROPELLER  APPLICATIONS 

From  the  previous  discussion  it  was  noted  that  many  of  the 
problems  associated  with  propeller-driven  airplanes  did  not 
show  up  until  the  program  was  well  advanced.  In  several  cases 
the  problems  were  encountered  well  after  the  airplane  had  been 
placed  in  service  and  had  been  operating  over  a  period  of 
time.  Such  problems  with  the  propellers  were  caused  by  struc¬ 
tural  fatigue,  control  problems,  blade  resonance,  engine 
growth,  and  the  initial  failure  to  design,  test  and  qualify 
the  propeller  to  meet  the  installation  requirements  with 
adequate  margins.  As  a  result,  satisfactory  propeller  instal¬ 
lations  were  often  not  obtained  until  the  propeller  had  been 
completely  redesigned  at  least  once.  In  some  cases  it  took 
two  or  more  redesigns  to  obtain  a  satisfactory  installation. 

No  wonder  the  propeller  got  a  bad  name  in  this  country  and 
other  forms  of  propulsion  became  favored. 

When  developing  a  new  propeller  installation,  it  is  desirable 
to  consider  some  of  the  factors  that  led  to  the  difficulties 
discussed  above.  One  of  the  major  problems  is  believed  to  be 
inadequate  lead  time.  In  the  case  of  engines, five  years  is 
considered  to  be  required  to  develop  a  satisfactory  design. 
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Although  a  propeller  is  not  as  complicated  as  an  engine,  con¬ 
sideration  should  be  given  to  starting  the  development  of  new 
propellers  for  the  engine  shortly  after  the  engine  program  is 
under  way,  rather  than  allow  a  development  time  of  only  18 
months  to  2  years  as  had  been  done  in  the  past. 

Another  factor  to  consider  with  the  development  of  a  new  pro¬ 
peller  installation  is  the  establishment  of  a  complete  cri¬ 
terion  and  specification  for  the  design.  Such  a  criterion 
should  include  all  the  items  of  Appendix  I,  with  due  consid¬ 
eration  for  the  design  criteria  discussed  in  the  section 
Propeller  Blades. 

After  the  design  criterion  is  developed,  the  aerodynamic  char¬ 
acterise  ts  of  the  propeller  must  be  established  for  the  new 
installation.  The  procedures  used  have  been  discussed  previ¬ 
ously  and  are  usually  determined  based  on  estimated  blade 
characteristics  that  will  satisfy  the  structural  requirements. 
In  establishing  the  aerodynamic  design  of  the  blades,  it  is 
important  to  consider  the  structural  and  weight  requirements. 
This  is  desirable  to  have  a  practical  design  without  compro¬ 
mises  in  the  basic  structure  which  could  lead  to  dynamic, 
fatigue  and  weight  problems.  By  carefully  adjusting  the 
structural  and  aerodynamic  parameters,  the  desired  performance 
can  be  obtained  with  little  or  no  losses  from  the  peak. 

With  a  new  installation,  the  establishment  of  the  flow  field 
in  the  plane  of  the  propeller  at  all  flight  conditions  is  of 
great  importance, as  this  will  determine  the  magnitude  of  the 
vibratory  loading  on  the  blades.  The  flow  field  can  be  estab¬ 
lished  by  test  or  by  calculations.  There  are  several  computer 
programs  that  are  very  powerful  for  calculating  flow  fields 
so  that  an  accurate  estimate  can  be  made.  Thus,  from  an 
analysis  of  the  propeller  operating  in  proper  flow  field,  a 
stress  analysis  can  be  conducted  to  establish  adequate  design 
margins  in  the  final  design. 

Of  great  importance  in  the  successful  design  of  a  new  propel¬ 
ler  airplane  is  the  complete  dynamic  analysis  of  the  entire 
system.  Such  an  analysis  can  prevent  the  occurrence  of  a 
dangerous  dynamic  condition  and  indicate  the  suitable  modifi¬ 
cations  required.  The  dynamic  analysis  is  of  particular  im¬ 
portance  in  the  design  of  large,  lightly  loaded,  flexible  blades 
for  VTOL  airplanes.  The  system  must  be  designed  so  that  whirl, 
stall  and  wake  flutter  are  not  encountered  at  any  operating 
condition.  Also, the  blade  must  be  designed  so  that  the  first 
three  coupled  flap/chord,  torsion  natural  frequencies  are 
well  out  of  the  operating  range;  see  page  146,  Appendix  I.  In 
considering  the  design  to  meet  the  above  objectives,  the  pro¬ 
peller  supporting  system  must  also  be  completely  evaluated  to 
assure  that  even  with  a  structural  failure  of  a  component, 
adequate  stiffness  and  strength  remain  to  prevent  whirl 
flutter. 


With  the  use  of  high-speed  computers  and  improved  theoretical 
approaches, it  is  possible  to  conduct  studies  so  that  config¬ 
urations  can  be  established  that  meet  the  above  requirements. 
These  analyses  can  be  much  more  complete  than  those  used  in 
the  past,  and  when  coupled  with  proper  test  programs  can  pro¬ 
vide  the  necessary  data  to  assure  safe  designs. 

In  considering  a  new  installation,  the  placement  of  the  pro¬ 
peller  on  the  airplane  must  be  carefully  considered.  For 
instance,  if  the  blade  tip  clearance  with  respect  to  the 
fuselage  is  too  small,  damage  of  the  airframe  structure  can  be 
encountered  as  a  result  of  the  pressures  of  the  tip  vortex. 

This  also  influences  the  cabin  noise  level.  A  poor  propeller 
placement  on  the  airplane  can  result  in  blade  damage  due  to 
foreign  objects.  When  this  occurs,  additional  allowances  must 
be  made  in  the  blade  structure  to  withstand  such  damage  with 
corresponding  weight  penalties.  Proper  placement  can  also 
reduce  the  stress  due  to  flow  angularity  with  a  corresponding 
weight  saving. 

When  any  new  propeller  is  developed, it  is  necessary  to  exam¬ 
ine  the  flight  envelope  to  determine  the  time  spent  at  the 
various  conditions.  From  this  study,  realistic  duty  cycles 
can  be  established  and  the  design  adjusted  accordingly. 

Although  it  is  difficult  to  build  a  propeller  with  a  com¬ 
pletely  redundant  structure,  many  steps  can  be  taken  to 
achieve  the  desired  level  of  safety.  These  include  the  choice 
of  conservative  operating  stress,  multiple  load  paths,  a 
primary  structure  that  can  be  easily  inspected , and  a  mature 
design  that  eliminates  all  possible  areas  for  stress  risers. 

The  proper  design  of  the  propeller  control  is  also  essential 
for  a  successful  installation.  The  control  system  is  essen¬ 
tially  the  thrust  control  of  the  airplane  and  must  provide 
satisfactory  response,  maintain  the  thrust  established,  and 
protect  the  airplane  against  malfunctions.  The  control  system 
should  also  have  a  high  degree  of  reliability. 

In  the  design  of  the  basic  control  system,  the  need  for  backup 
systems  or  a  dual  actuation  system  must  be  completely  deter¬ 
mined.  For  some  types  of  missions,  a  follow-up  blade  angle 
stop  is  all  that  is  required  to  achieve  the  desired  safety. 

On  V/STOL  airplanes,  however,  a  dual  system  is  probably  needed, 
as  when  the  airplane  is  operating  at  the  hover  condition,  the 
propeller  control  is  the  primary  flight  control  of  the  air¬ 
plane. 

The  rate  of  pitch  change  required  for  the  control  system  of 
the  airplane  depends  on  the  engine  configuration  and  the 


thrust  response  needed.  A  complete  analysis  including  simu¬ 
lation  programs  should  he  dene  to  establish  this  pitch  change 
rate  for  a  new  installation  and  engine. 


Development  Testing 

Even  if  all  the  design  steps  discussed  above  were  followed  , 
problems  will  be  encountered  in  the  final  propeller  unless 
proper  development  testing  is  done.  The  testing  required  is 
needed  to  confirm  the  original  design  and  point  to  those 
"unknown  unknowns"  that  will  lead  to  trouble  unless  identi¬ 
fied.  As  a  minimum, testing  should  be  done  on  the  components 
to  prove  their  functional  capability.  The  complete  schedule 
of  development  testing  will  depend  on  the  installation  re¬ 
quirements  and  available  time  and  will  therefore  be  different 
for  each  case. 


FUTURE  PROPELLER  DESIGNS 


Present  Technology 


The  present  propeller  technology  as  presented  in  this  report 
and  as  given  in  References  10  to  12  has  advanced  consider¬ 
ably  from  that  used  up  to  the  middle  1950's  for  the  design  of 
conventional  type  propellers.  The  advances  in  the  technology 
have  been  made  possible  as  a  result  of  the  work  done  on  pro¬ 
pellers  for  new  types  of  V/STOL  airplanes  where  the  require¬ 
ments  are  more  exacting  in  all  technology  areas  than  are 
necessary  for  conventional  airplanes. 

The  improved  propeller  technology  has  also  been  made  possible 
as  a  result  of  the  use  of  new  materials  and  the  design  back¬ 
ground  achieved  in  the  development  of  helicopters.  The  im¬ 
proved  dynamic  analysis  of  propellers  has  benefited  by  the 
work  done  on  helicopter  rotors,  especially  rotor -propellers 
designed  for  low-disc-loading  V/STOL  airplanes. 

As  a  result  of  these  developments,  the  design  risk  has  been 
greatly  reduced  for  producing  propellers  suitable  for  con¬ 
ventional  and  V/STOL  airplanes.  Today  high-performance,  light¬ 
weight  and  reliable  propellers  can  be  designed  and  built  for 
airplanes  operating  from  zero  speeds  or  hover  to  a  Mach  number 
of  approximately  0.7.  The  initial  estimates  of  the  performance, 
weight  and  operating  characteristics  will  be  reliable,  and  it 
should  be  possible  to  design  and  build  these  propellers  with 
little  risk  to  the  program.  This  will  be  true  as  long  as  the 
proper  analytical  and  test  programs  are  followed,  such  as  are 
described  in  this  report  and  References  10  to  12. 


Future  Propellers 

Future  propellers  will  be  installed  on  STOL  and  V/STOL  air¬ 
craft  where  low-speed  performance  is  of  utmost  importance  and 
cruise  speeds  in  the  range  of  300  to  400  knots  are  the  maximum 
required.  Propeller-driven  aircraft  will  also  provide  impor¬ 
tant  advantages  where  high  loiter  times  are  required  and  fuel 
costs  and  supply  are  important  factors.  In  these  cases  the 
high-performance  potential  of  propellers  can  be  used  to  advan¬ 
tage,  especially  now  that  important  weight  savings  can  be  made 
with  respect  to  the  propellers  of  the  past. 

The  propellers  projected  for  the  STOL  aircraft  installations 
will  operate  at  disc  loadings  in  the  range  of  30  to  60  pounds 
per  square  foot  disc  loading  based  on  the  static  thrust  per¬ 
formance.  Since  noise  as  well  as  performance  will  be  an 
important  design  consideration,  the  tip  speed  selected  will  be 
especially  low,  requiring  the  blades  to  operate  at  high  values 
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of  operating  Cl  times  the  chord.  For  this  reason  the  total 
blade  solidity  of  the  propeller  will  be  high  unless  steps  are 
taken  to  improve  the  magnitude  of  operating  Cl  at  high  lift/ 
drag  ratios.  Thus,  if  the  blade  can  operate  at  higher  lift 
coefficients  with  the  same  lift/drag  ratio  than  is  possible 
now,  the  blade  solidity  can  be  reduced.  .his  will  lead  to 
important  weight  advantages. 

To  obtain  the  maximum  weight  savings  possible,  the  propeller 
integral  gearbox.  Reference  10,  and  the  advanced  composite 
blades  will  be  used.  In  addition,  the  concepts  of  reliability, 
safety  and  maintenance  discussed  in  this  report  will  be  applied 
to  the  new  propeller  designs. 

On  STOL  airplanes  it  will  be  desirable  to  take  advantage  of 
the  installed  power  needed  for  takeoff  and  operate  at  as  high 
cruise  speeds  as  possible.  This  means  that  the  high-speed 
performance  of  the  propeller  is  not  to  be  compromised  if  good 
range  and  costs  are  to  be  achieved. 

When  large- diameter,  low-disc-loading  propellers  are  used  on 
STOL  aircraft,  high  forces  and  moments  are  generated  when  oper¬ 
ating  in  gusty  air.  These  forces  and  moments  lead  to  a  poor 
aircraft  ride.  For  this  reason  aerodynamic  dampers  will  be 
developed  to  reduce  the  effects  of  these  forces  to  make  possible 
a  good  ride.  Also,  the  propellers  will  be  designed  so  that 
precise  balance  can  be  achieved  at  all  conditions. 

The  propellers  designed  for  V/STOL  airplanes  will  operate  at 
disc  loadings  in  the  range  of  15  to  40  pounds  per  square  foot 
based  on  the  performance  at  hover.  The  disc  loading  chosen 
will  depend  on  the  aircraft  configuration  and  will  probably 
be  as  low  as  possible  for  peak  performance  (Reference  13) .  If 
the  slipstream  velocity  over  the  wing  is  of  primary  importance, 
the  disc  loading  will  be  high  (35  to  40  psf).  Whereas  in  the 
case  of  the  tilt- rotor  aircraft,  low  values  of  approximately  15 
to  20  psf  will  usually  be  chosen. 

The  low  disc  loading  is  desirable  for  high  values  of  thrust 
to  horsepower  at  hover  and  possible  autorotation  capability 
in  the  case  of  engine  failure.  Unlike  propellers  for  STOL 
airplanes  the  total  solidity  will  be  much  less,  and  long  narrow 
blades  will  be  obtained.  The  operating  Cl  spread  between 
hover  and  cruise  required  from  these  blades  is  much  higher  than 
for  conventional  propeller  blades.  For  this  reason,  important 
advantages  could  be  obtained  if  the  presently  available  Cl 
range  for  high  lift/drag  ratios  could  be  improved. 

In  addition  to  improving  the  operating  range  of  Cl  for  high 
lift/drag  ratios,  airfoils  with  higher  thickness  ratios  with 
the  same  performance  as  present  sections  would  be  an  important 
improvement.  The  use  of  such  airfoils  would  make  possible 
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lighter  propellers. 

The  V/STOL  propellers  will  probably  be  designed  with  the  addi¬ 
tional  function  of  providing  mono  or  complete  cyclic  control 
depending  on  the  airplane  configuration.  This  additional  con¬ 
trol  function  is  necessary  to  eliminate  the  need  for  special 
propellers  for  control  only  ( Reference  10) .  Considerable 
testing  has  been  done  with  propellers  using  cyclic  control. 
However,  the  application  of  the  control  is  extremely  limited 
to  date,  and  further  analysis  work  is  indicated. 

With  some  of  the  first  propeller -driven  V/STOL  airplanes,  con¬ 
siderable  difficulty  was  experienced  in  designing  configur¬ 
ations  that  would  give  the  peak  efficiency  at  the  hover  con¬ 
dition.  This  was  due  to  problems  in  defining  the  wake  at  the 
static  condition  which  is  necessary  for  calculating  the  induced 
efficiency  and  angle  of  attack  at  each  blade  station.  Since 
this  time,  new  methods  have  been  developed  for  calculating  the 
static  performance.  These  methods  depend  on  the  results  of 
test  measurements  of  the  wake  and  are  known  as  the  "Prescribed 
Wake"  method  (Reference  14). 

In  using  the  prescribed  wake  to  calculate  the  performance,  peak 
levels  of  hover  performance  are  not  necessarily  determined, as 
the  wake  data  used  depends  on  the  characteristics  of  actual 
propellers.  These  test  propellers  have  no  real  optimum  value 
of  Figure  of  Merit,  so  that  propellers  or  rotors  desiqned  on 
the  basis  of  the  results  of  tests  can  only  approach  the  test 
values.  Further  work  is  needed  to  define  the  optimum  Figure 
of  Merit  and  determine  the  blade  configuration  required  to 
obtain  this  level  of  performance. 


RECOMMENDATIONS  FOR  PROPELLER  FUTURE  DEVELOPMENTS 


GENERAL 

To  achieve  the  maximum  potential  with  future  propellers,  it  is 
recommended  that  the  following  programs  be  undertaken.  These 
programs  are  necessary,  as  the  technology  in  the  areas  of  aero¬ 
dynamics,  materials,  and  dynamics  has  not  been  static  m  other 
fields  and  these  developments  must  be  applied  to  obtain  opti¬ 
mum  systems  and  thus  remain  competitive.  Also,  the  review  has 
shown  that  the  propeller  technology  is  deficient  in  certain 
areas  and  thus  requires  corrections.  To  accomplish  these  ob¬ 
jectives,  the  following  programs  are  therefore  recommended: 

Optimum  Propeller  -  Hover 

To  design  a  propeller  for  use  on  V/STOL  aircraft  with  the  opti¬ 
mum  combination  of  hover  and  cruise  efficiency,  a  true  defini¬ 
tion  of  the  optimum  blade  configuration  for  hover  must  be 
established.  The  distribution  of  blade  angle,  thickness  ratio, 
design  Cl  and  chord  is  required  which  will  give  the  peak  Figure 
of  Merit  for  the  given  power. 

As  indicated  in  the  aerodynamics  section,  the  optimum  Figure  of 
Merit  must  include  the  proper  contraction  ratio  which  is  a 
function  of  the  power  loading.  Further, the  optimum  configur¬ 
ation  will  generate  a  rigid  wake  that  moves  downstream  in  the 
final  wake  at  a  fixed  velocity  which  is  a  function  of  the 
thrust  loading.  The  rigid  wake  influences  the  induced  velocity 
at  each  blade  station  which  results  in  the  optimum  loading. 

For  these  reasons  the  optimum  load  distribution  at  hover  cannot 
be  found  using  test  data  for  nonoptimum  propeller  configur¬ 
ations  and  loading  such  as  used  in  the  prescribed  wake  concept 
(Reference  14).  This  is  true  since  the  wake  used  of  non¬ 
optimum  propellers  is  neither  rigid  nor  does  it  move  with  a 
uniform  velocity. 

The  theory  for  calculating  the  optimum  propeller  has  been 
developed  (Reference  14) but  it  has  not  been  applied.  To  deter¬ 
mine  if  the  theory  is  correct,  the  available  propeller  test  data 
should  be  checked  against  the  optimum  Figure  of  Merit.  If 
this  check  shows  the  test  data  is  always  below  the  optimum 
value,  the  necessary  proof  of  the  theory  will  be  established  so 
that  it  can  be  applied  for  establishing  the  optimum  blade  for 
any  hover  condition.  The  checks  to  date  confirm  the  propeller 
test  data  is  always  below  the  theoretical  peak. 

It  is  therefore  recommended  that  the  theory  and  data  of  Ref¬ 
erences  15  and  16  be  applied  to  define  the  optimum  blade  and 
propeller  for  use  as  the  static  condition.  The  performance  of 
this  propeller  should  then  be  determined  when  operating  at 
typical  cruise  conditions  to  find  the  change  from  the  optimum 
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cruise  propeller.  Based  on  the  conclusions  of  this  study,  an 
analysis  such  as  Reference  12  should  be  made  to  determine  the 
most  desirable  disc  loading  for  propeller/rotor  V/STOL  air¬ 
craft. 


Reduced  Weight  Propellers 

The  results  of  propeller  design  analysis  studies  have  been 
very  promising  for  reducing  the  installed  weight.  Composite 
blades,  integral  propeller  gearboxes  and  titanium  hubs  have 
reduced  the  propeller  weight  drastically  compared  to  conven¬ 
tional  types.  It  is  believed  that  the  major  gains  have  been 
achieved  in  reducing  weight  as  a  result  of  these  design  pro¬ 
grams. 

There  is  one  major  area,  however,  where  important  weight  reduc¬ 
tions  can  still  be  achieved.  This  is  in  the  area  of  improving 
the  structural  and  aerodynamics  characteristics  of  the  blade. 
With  the  use  of  new  types  of  airfoil  sections  which  have  been 
developed,  it  should  make  possible  important  reductions  in 
blade  size  and  weight  while  maintaining  the  same  overall  per¬ 
formance. 

The  maximum  design  Cl  used  on  propeller  blades  at  the  present 
time  is  approximately  0.7.  It  is  also  the  practice  to  design 
the  blades  with  as  low  thickness  ratios  as  possible  to  avoid 
compressibility  losses.  If  either  the  thickness  ratio  or  the 
design  lift  coefficient  could  be  increased  without  affecting 
the  performance,  the  size  and  weight  of  the  blade  could  be  re¬ 
duced.  For  instance,  an  increase  in  design  Cl  would  make  pos¬ 
sible  a  decrease  in  blade  chord.  This  is  possible  because  the 
blade  chord  required  is  almost  inversely  proportional  to  the 
design  Cl?  thus,  if  the  design  Cl  could  be  increased  from  0.7 
to  1.0,  the  blade  chord  could  be  reduced  by  30  percent,  an  im¬ 
portant  weight  reduction.  Another  important  advantage  of  a 
chord  reduction  would  be  a  reduction  of  the  lxP  force  gener¬ 
ated  by  the  blade.  This  could  be  an  advantage  with  some 
installations  using  large  propellers. 

Propeller  blades  designed  with  increased  thickness  ratios  with¬ 
out  a  decrease  of  efficiency  will  also  have  weight  reductions 
compared  with  previous  blades.  This  weight  reduction  would 
occur  because  of  the  increased  stiffness  of  the  blade  which 
would  allow  a  reduction  in  plate  thickness. 

-The  last  comprehensive  examination  of  airfoils  for  propellers 
was  one  in  the  early  1950's,  approached  from  the  performance 
point  of  view  only.  Many  advances  have  been  made  in  the  devel¬ 
opment  of  new  airfoils  such  as  the  work  of  Whitcomb.  For  this 
reason  it  is  recommended  that  a  study  ba  made  to  determine  the 
reduction  in  weight  possible  through  the  use  of  new  airfoils.lt 
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is  believed  that  potential  wej.qht  savings  on  the  order  of  50 
percent  are  possible  as  a  result  of  such  a  study. 


High-Speed  Performance 

The  design  objectives  of  V/STOL  aircraft  are  good  hover  per¬ 
formance  along  with  a  high  potential  cruise  speed.  With  pro¬ 
peller-driven  aircraft,  high  performance  can  be  achieved  at  the 
hover  condition  with  a  corresponding  high-speed  efficiency  at 
Mach  numbers  below  the  values  where  compressibility  losses  are 
encountered.  Because  the  blades  operate  at  low  values  of  Cj, 
lift  coefficient  at  the  higher  speed  condition, the  onset  of 
compressibility  losses  will  cause  a  rapid  deterioration  of 
efficiency.  The  magnitude  and  forward  Mach  number  at  which 
the  compressibility  losses  are  encountered  are  important  for 
predicting  the  high-speed  performance  of  propeller- driven 
V/STOL  airplanes.  The  speed  for  the  occurrence  of  compressi¬ 
bility  losses  is  also  important  in  designing  the  blade  to  ob¬ 
tain  the  desired  split  in  performance  between  tafceoff  and 
cruise. 

As  was  noted  in  the  section  Accuracy  of  Analysis, Volume  1,  the 
efficiency  can  be  predicted  accurately  by  strip  analysis  pro¬ 
cedures  when  operating  in  the  subsonic  range.  When  drag  losses 
are  encountered  due  to  compressibility  losses,  the  accuracy 
deteriorates,  especially  at  the  light  loadings  encountered  with 
V/STOL  aircraft.  This  decrease  in  accuracy  is  believed  to  be 
due  to  inaccuracies  in  the  airfoil  data,  as  the  induced  losses 
are  low  at  these  conditions. 

Since  the  time  of  the  development  of  the  airfoil  data  used  for 
strip  analysis,  there  have  been  a  number  of  improvements  devel¬ 
oped  in  the  high  Mach  number  testing  of  airfoils,  and  a  consid¬ 
erable  store  of  data  has  been  obtained.  These  data  can  be 
used  to  correct  the  airfoil  data  of  Appendix  II  currently 
available  for  propeller  strip  analysis  calculations  and  so 
improve  the  accuracy  of  the  performance  predictions  at  the 
high-speed  conditions. 

A  program  is  therefore  recommended  for  correcting  the  available 
airfoil  data  so  that  the  accuracy  of  the  performance  prediction 
is  improved  at  the  high-speed  conditions  where  compressibility 
losses  become  important.  From  such  a  program,  the  gaps  in  the 
airfoil  data  that  require  testing  could  be  identified.  Also, 
it  will  then  be  possible  to  design  and  predict  more  accurately 
the  performance  of  blades  for  the  high-speed  conditions. 
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Propeller  Design  Specification 

The  military  specification  entitled  "Propeller  Systems,  Air¬ 
craft,  General  Specification  for",  MIL-P-26366A,was  set  up  for 
conventional  propeller  type  aircraft  and  was  last  revised  in 
1962.  The  specification  is  considered  outmoded  due  to  advances 
made  in  the  analysis  and  understanding  of  the  design  of  pro¬ 
pellers-  Further,  with  the  use  of  propellers  on  STOL  and 
V/STOL  airplanes,  the  design  requirements  must  be  more  rigorous 
than  defined  in  the  above  specification. 

It  is  therefore  recommended  that  MIL-P-26366A  be  revised  based 
on  the  requirements  of  STOL  and  V/STOL  propeller  installations. 
Also,  the  specification  should  reflect  the  advances  in  tech¬ 
nology  as  described  in  References  10  to  12  as  well  as  the 
design  criteria  as  outlined  in  Appendix  I. 


PROPELLERS  FOR  STOL  AIRCRAFT 

Present  efforts  to  design  STOL  aircraft  have  been  based  on  the 
use  of  turbofan  engines  with  various  combinations  of  high 
lift  devices  on  the  wing  to  obtain  the  desired  performance. 
These  turbofan  aircraft  are  only  STOL  in  comparison  with  the 
usual  turbofan  conventional  aircraft  that  require  8000-  to 
10,000-foot  runways.  Further,  the  noise  level  of  such  air¬ 
craft  is  only  low  in  comparison  with  the  same  conventional 
aircraft  types. 

Several  studies  have  been  made  of  turboprop  STOL  aircraft  in 
competition  with  the  turbofan  types.  These  studies  showed 
that  the  turboprop  STOL  airplane  had  one-half  to  one-third  the 
runway  requirement  and  was  potentially  less  noisy  than  the 
turbofan  type.  Further,  the  turboprop  airplane  can  be  de¬ 
signed  to  operate  at  lower  sound  levels  than  the  turbofan 
type, and  the  technology  is  in  hand  for  designing  propellers 
to  meet  the  STOL  transport  noise  level  requirements. 

The  turboprop  STOL  airplane  has  many  important  features  that 
give  it  excellent  STOL  characteristics  with  little  or  no  addi¬ 
tional  complication  compared  with  a  conventional  type  such  as 
a  C-130.  For  instance,  with  proper  placement,  the  propeller 
slipstream  will  wash  the  wing  with  an  increase  in  overall  lift. 
Also  the  propeller  is  an  excellent  device  for  stopping  the  air¬ 
plane  by  simply  reversing  the  blade  angle  to  obtain  negative 
thrust. 

Although  the  turboprop  airplane  can  be  designed  to  have  real 
STOL  capability  with  low  ambient  noise  level,  the  large  pro¬ 
pellers  lead  to  disadvantages  that  require  additional  work. 

One  of  the  difficulties  is  the  placement  of  the  propellers, 
which  have  a  considerable  spacing  between  the  thrust  lines 
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and  the  center  line  of  the  airplane.  This  large  spacing  leads 
to  problems  only  in  case  cf  engine  or  propeller  failures. 

Cross  shafting  has  been  use.,  on  some  STOL  airplanes  to  elim¬ 
inate  the  asymmetrical  thrust  problem,  but  of  course  this  leads 
to  problems  of  maintenance,  cost  and  reliability.  The  shafting 
problem  has  been  effectively  solved  for  tandem  helicopters  and 
could  also  be  solved  for  the  turboprop  STOL  airplane. 

Another  problem  with  the  use  of  relatively  large  propellers  on 
STOL  airplanes  is  the  undesirable  ride  characteristics  obtained 
in  gusty  air.  This  is  due  to  the  normal  forces  and  moments 
generated  by  the  propeller  operating  at  a  shaft  angle  of  attack. 
Lateral  as  well  as  vertical  forces  can  be  generated  which  lead 
to  very  unpleasant  ride  characteristics. 

With  the  use  of  narrow  blades,  the  normal  force  is  reduced  with 
a  corresponding  improvement  of  the  ride.  A  program  for  devel¬ 
oping  narrow  blades  is  described  earlier  in  this  section.  In 
addition  to  reducing  the  blade  chord,  other  systems  must  be 
developed  for  eliminating  gust  sensitivity  with  large  propel¬ 
lers.  Systems  like  yaw  dampers  could  be  developed  to  eliminate 
this  problem.  A  program  is  therefore  recommended  to  study  and 
find  solutions  to  the  ride  problem  associated  with  large  pro¬ 
pellers. 


Propeller  Cyclic  Pitch 


The  early  V/STOL  aircraft  were  controlled  at  the  hover  con¬ 
dition  by  only  propeller  collective  pitch.  This  led  to  the 
use  of  one  or  more  additional  propellers  to  obtain  the  re¬ 
quired  pitch  control  with  a  corresponding  increase  in  weight 
and  complication.  With  the  success  of  cyclic  pitch  for  con¬ 
trol  of  helicopters, this  system  has  been  considered  for  use 
on  propeller -driven  V/STOL  aircraft.  As  part  of  the  advanced 
V/STOL  technology  program, considerable  experimental  work  has 
been  done  to  evaluate  the  use  of  cyclic  pitch  for  control 
(References  17  and  18).  This  work  was  done  with  both  model 
and  full-scale  propellers. 

A  review  of  the  data  of  References  17  to  18  indicates  that 
further  work  is  necessary  before  the  technology  is  in  hand  for 
the  application  of  cyclic  pitch  propellers  for  the  control  of 
V/STOL  aircraft.  This  is  especially  true  when  the  propeller 
is  operating  at  high  shaft  angles.  At  these  conditions  the 
methods  of  analysis  underestimate  the  thrust  change  due  to 
cyclic  pitch  change  with  a  corresponding  error  in  the  other 
forces  and  moments  produced  by  the  propeller.  A  program  should 
be  undertaken  to  improve  the  accuracy  of  the  calculation  forces 
and  moments  produced  by  a  cyclic  pitch  propeller. 
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The  effects  of  the  application  of  cyclic  pitch  propellers  on 
the  characteristics  of  V/STOL  airplanes  have  been  determined 
(Reference  19).  However,  little  analysis  work  was  done  to 
determine  the  impact  of  the  use  of  cyclic  pitch  on  the  pro¬ 
peller  design.  The  effects  of  the  airplane  characteristics  on 
the  design  of  the  cyclic  pitch  propeller  also  appear  to  be 
lacking.  A  program  to  improve  the  design  technology  of  cyclic 
pitch  props  is  therefore  indicated. 


Propeller  Performance 


At  any  one  operating  condition,  propellers  can  be  designed  to 
operate  at  very  high  levels  of  efficiency.  On  some  airplanes, 
however,  the  important  operating  conditions  will  give  widely 
different  requirements  with  the  result  that  the  blade  will  be 
operating  at  a  low  Cl  at  one  condition  and  a  very  high  Cl  at 
another  condition.  This  condition  is  encountered  especially 
with  V/STOL  airplanes. 


With  fixed-geometry  propellers,  the  only  solution  to  this  prob¬ 
lem  is  with  the  use  of  airfoils  designed  to  have  improved  per¬ 
formance  over  the  range  of  required  operating  Cl-  A  program 
is  recommended  to  investigate  this  possibility.  Although  the 
performance  of  the  airfoils  chosen  may  be  below  the  optimum 
at  any  one  condition,  it  should  be  possible  to  find  configur¬ 
ations  that  give  a  net  improvement  over  the  range  of  con¬ 
ditions. 


Variable-Geometry  Propellers 


Another  way  of  improving  the  performance  of  propellers  that 
must  operate  over  a  wide  range  of  conditions  is  through  the 
use  of  variable  geometry.  On  aircraft  wings, variable  geometry 
is  obtained  through  the  use  of  flaps,  slats,  etc.,  to  improve 
the  range  of  operating  Cl  between  takeoff  and  cruise  conditions. 
Flaps,  slats  and  blowing  have  been  considered  for  propellers 
to  improve  performance;  however,  no  serious  work  has  been  done 
to  apply  such  devices  to  a  propeller  blade. 


The  only  important  investigation  of  variable-geometry  propel¬ 
lers  was  through  the  use  of  two  closely  spaced  blades  to 
effect  a  change  in  camber  (Reference  20).  This  system  gives 
a  high  camber  at  low  blade  angles  for  the  takeoff  condition 
and  a  low  camber  at  high  blade  angles  for  cruise  condition. 

The  variable  camber  system  has  been  extensively  tested  in  both 
model  and  full-scale  configurations,  but  so  far  no  production 
airplane  has  used  this  propeller. 
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Although  the  variable-camber  propeller  does  approach  the 
desired  characteristics, the  degree  of  improvement  obtained 
does  not  warrant  the  additional  complication,  especially  with 
the  use  of  the  free  turbine  engine. 

The  use  of  composite  structure  blades  would  appear  to  improve 
the  possibilities  for  the  development  of  variable-geometry 
blades.  Variable  pitch  and  camber  blades  are  considered  to  be 
good  possibilities.  Propellers  with  variable  diameter,  such 
as  discussed  in  Reference  21,  are  also  feasible.  For  this 
reason  a  review  of  the  possible  approaches  should  be  done, 
especially  in  conjunction  with  the  application  of  new  airfoils 
as  discussed  above. 


PROPELLER  NOISE 


The  noise  generated  by  propellers  has  always  been  a  problem  as 
with  any  device  for  producing  thrust.  Large  slow-turning  pro¬ 
pellers  can  be  designed  to  reduce  the  noise  level  to  avoid 
aural  detection  (Reference  22) .  Likewise,  the  noise  level  can 
be  reduced  to  almost  any  level  desired  with  the  proper  selec¬ 
tion  of  tip  speed  and  propeller  si2e.  No  decrement  in  the 
aerodynamic  performance  is  encountered  with  low-noise  propel¬ 
lers,  but  the  weight  increases  can  be  high  depending  on  the 
noise  level  desired. 

There  is  evidence  that  the  favorable  effects  of  tip  speed  in 
terms  of  noise  reduction  are  underestimated  by  the  standard 
methods  of  calculation  when  operating  at  forward  flight  con¬ 
ditions.  It  appears  that  when  the  rotation  tip  speed  is  in 
the  range  of  500  to  600  feet  per  second,  the  noise  level  is 
7  to  10  decibels  below  that  calculated.  Since  a  reduction  of 
this  magnitude  is  important  from  both  the  weight  and  noise 
level  considerations,  it  is  recommended  that  additional  research 
be  conducted  m  this  area. 

An  experimental  program  should  be  undertaken  to  measure  the 
noise  as  a  function  of  tip  speed  when  operating  in  flight. 

These  data  should  be  correlated  with  the  theoretical  results 
so  that  the  noise  level  can  be  accurately  predicted  on  new 
installations.  If  possible,  the  testing  should  include  the 
effects  of  blade  loading  as  wall  as  spanwise  variations. 

Some  tests  run  at  the  static  condition  indicated  that  tip  end 
plates  gave  a  reduction  in  noise  level  of  approximately  three 
decibels  along  with  an  improvement  of  the  stall  flutter  charac¬ 
teristics  of  the  blade.  The  propeller  noise  research  should 
therefore  include  the  testing  of  such  devices. 
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CONCLUSIONS 


Prom  the  material  on  propeller  controls,  hubs,  actuators, 
installation  considerations,  and  future  research  requirements, 
the  following  conclusions  are  made: 

1.  Important  propeller  weight  advantages  can  be  achieved 
with  the  proper  integration  of  the  propeller  hub  and  gear¬ 
box. 


2.  Advanced  propellers  with  hydraulic  blade  angle  actuators 
can  be  designed  with  the  required  level  of  safety,  reliability 
and  ease  of  maintenance  for  any  aircraft  type. 

3.  For  aircraft  with  a  large  operating  flight  envelope, 
new  types  of  propeller  blade  angle  controls  are  needed. 

4.  Further  research  and  development  is  indicated  for  pro¬ 
pellers  to  maintain  the  technology  in  a  competitive  position. 

5.  With  the  use  of  advanced  airfoils,  propellers  can  be 
designed  with  further  reductions  of  weight  and  blade  exci¬ 
tation. 
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APPENDIX  I 

PROPELLER  DESIGN  SPECIFICATION  AND  CRITERIA 


1.  INTRODUCTION 

A  propeller  design  criterion  and  specification  are  required  early 
in  the  development  program  to  firmly  establish  the  design  re¬ 
quirements  and  objectives.  This  specification  should  outline 
the  operating  requirements,  conditions,  power  plant  and  air¬ 
plane  configuration  that  will  affect  the  propeller  design  and 
installation.  Also  specified  are  the  structural,  dynamic, 
control,  material  and  design  requirements  that  are  considered 
necessary  to  assure  the  satisfactory  propeller.  Because 
reliability,  maintenance,  safety  and  survivability  are  impor¬ 
tant  considerations  in  the  final  product,  these  requirements 
must  also  be  conpletely  defined.  The  testing  program  is  also 
specified  in  detail  along  with  the  inspection  requirements  and 
procedures  for  establishing  proof,  and  therefore  quality  assur¬ 
ance  of  the  end  product. 

Much  of  the  material  necessary  for  the  design  specifications 
is  covered  in  MIL-P-26366-A,  which  is  the  propeller  specifi¬ 
cation  mandatory  for  use  by  the  Department  of  the  Army,  the 
Navy,  and  the  Air  Force.  Therefore,  the  propeller  must  be 
designed  to  meet  the  conditions  given  in  this  specification 
and  must  pass  the  qualification  tests  outlined.  In  addition, 
the  propellers  should  be  designed  to  comply  with  those  speci¬ 
fications  and  requirements  listed  in  the  heading  "Applicable 
Documents". 

Extensive  problems  are  encountered  as  well  as  a  large  loss  of 
time  in  redesigning  and  requalifying  a  propeller  that  does  not 
satisfactorily  complete  the  testing  outlined  in  MIL-P-26366-A. 
For  this  reason  additional  requirements  have  been  developed 
for  use  in  the  initial  design  and  analysis  stage.  Compliance 
with  these  requirements  should  result  in  a  satisfactory  design 
that  will  complete  the  necessary  testing  without  extensive  re¬ 
design.  These  additional  requirements  are  to  be  followed 
as  well  as  those  given  in  MIL-P-26366-A  and  the  referenced 
specifications.  In  some  cases  the  design  specification  of 
this  appendix  will  contain  the  same  information  of  the  MIL 
spec.  This  is  done  for  continuity  and  clarity. 

From  the  material  presented,  a  detailed  specification  and 
criteria  can  be  prepared  for  the  development  and  qualification 
of  new  propellers.  This  material  is  recommended  for  use  in 
the  next  revision  of  MIL-P-26366-A.  For  convenience  in  com¬ 
paring  the  material  of  this  appendix  with  MIL-P-26366-A, the 
same  major  paragraph  numbering  system  has  been  used. 
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APPLICABLE  DOCUMENTS 

The  following  documents  will  form  a  part  of  the  propeller 
design  specification.  In  reviewing  these  specifications  it 
may  be  desired  to  use  equivalent  comparing  specifications 
that  are  equal  to  or  better  than  those  given.  These  specifi¬ 
cations  as  given  below  will  apply  only  if  there  is  no  con¬ 
flict  with  the  material  given  m  the  remainder  of  the 
specifications  and  MIL-P-26366-A. 

2.1  Specifications 

2.1.1  Military 

MIL-D-1000  Drawings,  Engineering  and  Associated  List 

MIL-F-3541B  Fittings,  Lubrication 

MIL-S-5002B  Surface  Treatments  and  Metallic  Coatings  for 
rietal  Surfaces  of  Weapons  Systems 

MIL-C5015  Connector,  AN  Type 

MIL-B-5087B  Bonding,  Electrical  and  Lightning  Protection, 
for  Aerospace  Systems 

MIL-W-5088D  Wiring,  Aircraft,  Selection  and  Installation  of 

MIL-E-5272  Environmental  Testing  Aeronautical  and  Associ¬ 

ated  Equipment,  General  Specification  for 

MIL-E-5400C  Electronic  Equipment,  Aircraft  General 
Specification  for 

MIL-P-5514F  Gland  Design;  Packings,  Hydraulic,  General 
Requirements  for 

MIL-H-5606B  Hydraulic  Fluid,  Petroleum  Base  Aircraft 
Missile  and  Ordnance 

MIL-C-6021G  Castings,  Classification  and  Inspection  of 

MIL-E-6051C  Electromagnetic  Compatibility  Requirements 

MIL-P-6074A  Preservation,  Packaging  and  Packing  of  Propel¬ 
lers,  Propeller  Spares  and  Propeller  Accessories 

MIL-H-6083C  Hydraulic  Fluid,  Petroleum  Base  for 
Preservation  and  Testing 

MIL-S-6721  Steel  Corrosion  and  Heat  Resistant  (Chemically 
Stabilized)  Plate,  Sheet  and  Strip 


137 


MIL-W-6858D  Welding,  Resistance:  Aluminum,  Magnesium, 
Non-Hardening  Steels  or  Alloys,  Nickel 
Alloys,  Heat  Resisting  Alloys  and  Titanium 
Alloys;  Spot  and  Seam 

MIL-I-6866B  Inspection,  Penetrant  Method  of 

MIL-I-6868C  Inspection  Process,  Magnetic  Particle 

MIL-F-7179D  Finishes  and  Coatings:  General  Specification 
for  Protection  of  Aerospace  Weapons  Systems, 
Structures  and  Parts 

MIL-F-7190A  Forgings,  Steel  for  Aircraft  and  Special 
Ordnance  Applications 

MIL-S-7742B  Screw  Threads,  Standard,  Optimum  Selected 
Series,  General  Specification  for 

MIL-L-7808G  Lubricating  Oil,  Aircraft  Turbine  Engine, 
Synthetic  Base 

MIL-P-7936  Parts  and  Equipment  Aeronautical  Preparation 
for  Delivery 

MIL-A-8421B  Air  Transportability  Requirements,  General 
Specification  for 

MIL-S-8879A  Screw  Threads,  Controlled  Radius  Root  with 
Increased  Minor  Diameter;  General  Specifi¬ 
cation  for 

MIL-T-9047D  Titanium  and  Titanium  Alloy  Bars,  Forgings, 
and  Forging  Stock 

MIL-Q-9858A  Quality  Program  Requirements 

MIL-C-11796B  Corrosion  Preventive  Compound  Hot 
Application 

MIL-C-16173D  Corrosion  Preventive  Compound,  Solvent 
Cutback,  Cold-Application 

MIL-W-16878D  Wire  Electrical,  Insulated,  High  Temperature 

MIL-W-22759B (WP)  Wire,  Electric,  Fluorocarbon  Insulated, 
Copper  and  Copper  Alloy 

MIL-A-22771C  Aluminum  Alloy  Forgings,  Heat  Treated 
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MIL-L-236998  Lubricating  Oil,  Aircraft  Turbine  Engine, 
Synthetic  Base 

MIL-E-25499A  Electrical  Systems,  Aircraft  Design  and 

Installation  of  General  Specification  for 

MIL-P-26366A  Propeller  Systems,  Aircraft,  General  Speci¬ 
fication  for 

MIL-P-26367A  Propeller  Systems,  Aircraft,  Model  Speci¬ 
fication  for  (Outline  and  Instructions  for 
Preparation) 

MIL-C-26500  Connector  General  Purpose 

MIL-S-38130  System  Safety  Engineering  of  Systems  and 

Associated  Subsystems  and  Equipment;  General 
Requirements  for 

MIL-V-38352  Value  Engineering  -  Program  Requirements 

MIL-W-45223A  Welding,  Spot,  Hardenable  Steels 

2.2  STANDARDS 

2.2.1  Military 

MIL-STD-100  Drawing  Practices 

MIL-STD-129E  Marking  for  Shipment  and  Storage 

MIL-STD-130C  Identification  Marking  of  U.S.  Military 
Property 

MIL-STD-143B  Standards  and  Specifications,  Order  of 
Precedence  for  the  Selection  of 

MIL-STD-210A  Climatic  Extremes  for  Military  Equipment 

MIL-STD-321B  Definition  of  Effectiveness  Terms  for 
Maintainability  and  Reliability 

MIL-STD-461  Electromagnetic  Interference  Test  Require¬ 
ments  and  Test  Methods 

MIi-STD-470  Maintainability  Program  Requirements  (For 
Systems  and  Equipment) 

MIL-STD-704  Electric  Power,  Aircraft  Characteristics 
and  Utilization  of 
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MIL-STD-721B  Definition  of  Terms  for  Reliability  Engineering 

MIL-STD-785  Reliability  Program  for  Systems  and  Equipment 

MIL-STD-794B  Parts  and  Equipment,  Procedures  for  Packaging 
and  Packing  of 

MIL-STD-810  Environmental  Test  Methods  for  Aerospace  and 
Ground  Equipment 

MIL-STD-826  Electromagnetic  Interference  Test  Requirements 
and  Test  Methods 

MIL-STD-882  System  Safety  Program  for  Systems  and  Associ¬ 
ated  Subsystems  and  Equipment,  Requirement  for 

MIL-STD-889  Metals,  Definition  of  Dissimilar 

MIL-STD-1472  Human  Engineering  Design  Criteria  for  Military 
Systems,  Equipment  and  Facilities 

MS  9241B  Packing,  Preformed-Rubber  AMS  7272  "0"  Ring 

MS  24123A  Plate,  Identification 

MS  28774B  Retainer,  Packing  Backup,  Single  Turn, 

Tetrafluoroethylene 

MS  33540F  Safety  Wiring  and  Cotterpinning,  General 
Practices  for 

MS  33586  Metals,  Definition  of  Dissimilar 

2.3  OTHER  PUBLICATIONS 

2.3.1  Manuals 

AFR80-18  Department  of  Defense  Engineering  for  Trans¬ 

portability  Program 

AFR127-4  Investigating  and  Reporting  USAF  Accidents/ 

Incidents 

AFSCM80-3  Handbook  of  Instructions  for  Aerospace 
Personnel  Subsystem  Design 

AFSCM80-1  Handbook  of  Instructions  for  Aircraft  Design 

MIL-HDBK-5  Metallic  Materials  and  Elements  for  Aerospace 
Vehicle  Structures 
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ANC9 

ASD-TR-66-57 

TACM  66-31 

MIL-HDBK-17 


Aircraft  Propeller  Handbook 

Air  Force  Structural  Integrity  Program 
Requirements 

Equipment  Maintenance/Maintenance  Management/ 
Aircraft  and  AGE  Equipment 

Plastics  for  Flight  Vehicles 


ANA  Bulletin 

No.  343  Specifications  and  Standards  Applicable  to 

Aircraft  Engines  and  Propellers,  Use  of 

Engine  Specification 


3.  DESIGN  REQUIREMENTS 


3.1  INSTALLATION  CHARACTERISTICS 


In  developing  the  detailed  design  requirements,  consideration 
must  be  given  to  the  factors  as  outlined  below  that  influence 
the  propeller  configuration,  weight,  control,  safety,  reli¬ 
ability,  maintainability  and  performance. 

3.1.1  Airplane  -  Characteristics 

Give  the  airplane  configuration  for  the  installation  including 
all  dimensions  affecting  the  design.  Include  the  overall  per¬ 
formance  characteristics.  If  a  separate  drive  system  is  to  be 
used, detail  its  characteristics  and  how  it  will  interface 
with  the  propeller. 

3.1.2  Engine  -  Characteristics 

The  engine  that  will  be  used  must  be  defined, including  any 
additional  information  affecting  the  propeller  design  not 
normally  given  in  the  engine  specification  as  called  out  in 
Section  2.0. 


3.1.3  Propeller  -  Characteristics 

The  propeller  overall  characteristics  required  must  be 
described.  These  shall  include: 


1.  Direction  of  rotation. 

2.  Diameter. 

3.  Blade  number. 

4.  Blade  characteristics  including  chord,  design  Cl  and 
blade  angle  distribution. 
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The  propeller  characteristics  described  should  be  confirmed 
by  analysis  using  the  basic  data  given  in  the  specification 
and  modified  to  obtain  the  optimum  conf iguration. 

3. 1.3.1  Propeller  Functional  Characteristics 
Describe  required  operational  features,  including: 

1.  Control  system. 

2.  Feather, including  feather  brake  if  necessary  to 
prevent  rotation, 

3.  Reverse  with  or  without  automatic  rpm  control. 

4.  Pitch  lock  system  or  pitch  stops. 

5.  Overspeed  control. 

6.  Propeller  unfeather  requirements. 

3. 1.3. 2  Propeller  -  Major  Components 

The  major  components  for  the  propeller  will  be  described  and 
will  consist  of  the  blades,  hub,  pitch  change  assembly, 
propeller  control  unit  and  spinner. 

3.2  AERODYNAMIC  PERFORMANCE  REQUIREMENTS 

The  propeller  must  be  designed  to  meet  the  thrust  requirements 
of  the  airplane  at  the  critical  operating  conditions  using  the 
specified  power.  The  configuration  must  also  be  optimized  in 
terms  of  size,  weight  and  performance  based  on  the  performance 
of  the  entire  airplane  system.  The  relative  importance  of  the 
parameters  affecting  the  performance  must  be  specified. 

3.2.1  Design  Conditions 

For  the  major  and  critical  design  operating  conditions,  supply 
for  propeller  analysis  and  aerodynamic  design  selection  the 
following: 

1.  Operating  velocity. 

2.  Radial  velocity  distribution  in  the  propeller  plane. 

3.  Power  at  propeller  shaft. 

4.  Engine  rpm  and  gear  ratio. 

5.  Altitude  -  air  density  &  temperature. 

6.  Diameter  limit. 

7.  Thrust  required. 

State  relative  importance  of  the  design  conditions  and  pos¬ 
sible  trades  in  required  performance  between  conditions. 

3.3  STRUCTURAL  REQUIREMENTS 

The  propellers  will  be  designed  to  meet  the  structural 
requirements  of  ASD-TR-66-57,  "Air  Force  Structural  Integrity 
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Program  Requirements",  May  1970  ,  and  the  Applicable  Docu¬ 
ments  and  Specifications. 

3.3.1  Operating  Envelope 

The  following  data  are  to  be  provided  for  the  structural 
design  of  the  propeller.  > 

3. 3. 1.1  Velocity-Load  Factor  Envelope 

The  velocity-load  factor  diagram  (V-N)  for  the  aircraft  at 
design  gross  weight,  including  gusts. 

3. 3. 1.2  Velocity-Altitude  Diagram 

The  velocity-altitude  diagram  for  the  aircraft. 

3. 3. 1.3  Load  Conditions  Occurrence  Table 

Give  the  occurrences  of  flight  conditions  to  be  used  for 
propeller  fatigue  design  at  the  basic  mission  flight  design 
weight.  Shown  are  to  be  IP  cycles,  vertical  load  factor  Ng, 
velocity,  propeller  speed  and  flight  condition. 

3. 3. 1.4  Propeller  Flow  Field 

The  definition  of  the  inflow  field  for  two  steady  and  two 
acceleiuted  flight  conditions  is  to  be  given. 

3. 3. 1.5  Gust  Loads 

The  propeller  system  will  not  exceed  its  limit  strength  when 
exposed  to  the  gust  conditions  to  be  shown,  3. 3. 1.1,  with  the 
gust  impinging  on  the  propeller  at  an  angle  which  generates 
the  highest  loads. 

3.3. 1.6  Fatigue  Loads 

Dynamic  loads  and  their  frequency  of  occurrence  will  be  calcu¬ 
lated  for  the  flight  conditions  to  be  specified,  using  methods 
which  account  as  a  minimum  for  dynamic  amplifications,  effect 
of  the  wing  and  fuselage  on  the  flow  field,  first  and  higher 
order  harmonics,  IP  dynamic  blade  twist,  inertia  and  gyro¬ 
scopic  loads,  wing-prop  shaft  inclination  and  gusts. 

3. 3. 1.7  Overspeed 

The  propeller  shall  be  structurally  capable  of  withstanding 
the  loads  associated  with  an  overspeed  condition  (141%)  for 
a  period  of  one  hour. 
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3. 3. 1.8  Maximum  Power 

The  propeller  shall  be  structurally  capable  of  absorbing  an 
increase  in  power  available.  A  1.5  limit  load  factor  shall 
be  applied. 

3.3. 1.9  Propeller  loads 

Propeller  loads  will  be  based  on  operation  at  sea  level 
standard  altitude  and  design  gross  weight. 

3.3.2  Fatigue  Design  Requirements 

The  propeller  system  will  be  designed  so  that  there  will  be 
no  calculated  fatigue  damage  between  the  maximum  and  minimum 
loading  at  the  basic  mission  design  weight  for  all  velocities 
and  conditions  on  any  component,  and  a  minimum  of  6,000  hours 
operating  life  considering  all  flight  and  ground  conditions. 
Loads  and  frequencies  of  occurrences  will  be  calculated  as 
specified.  Lives  will  be  calculated  for  all  components  which 
experience  loads  above  their  endurance  limit  or  fatigue 
strength  for  5  x  10'  cycles  for  materials  which  have  no 
endurance  limit. 

3.3.3  Material  Properties 

Material  design  properties  utilized  for  static  strength 
analysis  (limit  and  ultimate)  will  be  as  specified  in  appli¬ 
cable  military  specifications  and  documents.  The  fatigue 
strength-life  relationship  (i.e.,  S-N  curve)  for  all  fatigue 
critical  components  will  be  based  on  tests  of  representative 
components. 

3.3.3. 1  Design  Fatigue  Strength 

Design  S-N  curves  will  be  generated  from  component  data  in  a 
manner  which  establishes  a  design  fatigue  strength  which  is 
no  greater  than  the  lesser  of:  mean  -3  standard  deviations, 
assuming  a  log  normal  distribution,  8 of  the  mean  value  or 
bottom  of  scatter.  If  runouts  (non-failures)  are  used  in  the 
analysis,  they  will  be  treated  as  failures.  In  the  event  a 
particular  specimen  has  been  run  at  several  load  levels,  it 
can  only  be  used  as  a  single  data  point. 

3. 3. 3. 2  Mean  Steady  Stress 

The  steady-stress  levels  shall  be  selected  during  design 
development  to  insure  the  specified  fatigue  life  and  insure  by 
fracture  mechanics  analysis  that  all  components  have  adequate 
crack  retarding  characteristics  to  meet  the  fail-safe  require¬ 
ments  of  this  specification. 
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Steel  structure  in  the  blade  shall  be  an  appropriate  low  alloy 
VAR  steel  heat  treated  to  180  KSI  max.  The  hub  shall  be  an 
appropriate  low  alloy  VAR  steel  heat  treated  to  a  maximum  of 
200  KSI. 

3.3.4  Torsional  Stresses 

The  effects  of  steady  and  alternating  torsion  will  be  accounted 
for  in  the  fatigue,  limit  and  ultimate  strength  evaluation. 

3.3.5  Crack  Propagation 

An  analysis  showing  the  crack  propagation  characteristics  of 
the  main  structural  elements  of  the  propeller  subsystem  under 
representative  loading  conditions  is  to  be  made. 

3.3.6  1'inal  Computed  Life  of  Components 

The  life  of  the  components  shall  be  recomputed  using  the 
fatigue  test  data  points  generated  as  a  part  of  this  speci¬ 
fication.  Appropriate  small  sample  corrections  shall  be  made 
in  establishing  the  fatigue  performance  of  the  components. 

3.4  DYNAMIC  CHARACTERISTICS 

3.4.1  Propeller  Frequency 

The  dynamic  response  characteristics  of  the  blade  shall  be 
considered  acceptable  when  the  first  three  coupled  flap/ 
chord/torsion  natural  frequencies,  when  mounted  on  the  hub  and 
installed  on  the  aircraft,  are  displaced  at  least  +0. 15/rev 
from  an  integer  harmonic  at  the  operating  rpm  +5.5/.  No  nat¬ 
ural  frequency  can  occur  within  the  frequency  band  of  3.8/rev 
and  4.3/rev.  The  fundamental  torsion  mode  frequency  including 
control  flexibility  shall  be  sufficiently  high  to  preclude 
blade  stall  flutter  throughout  the  operating  regime  up  to  1.5 
times  takeoff  power  and  up  to  125%  max.  rpm.  In  addition,  the 
proximity  of  the  fundamental  torsion  frequency  to  flap/chord 
modes  shall  be  such  that  the  frequencies  will  not  exist  be¬ 
tween  the  same  two  integers  of  rpm  for  any  of  the  first  three 
predominate  flapwise/chordwise  frequencies  in  the  cruise  or 
takeoff  rpm  bands. 

Analytical  methods  will  be  used  which  account  for  significant 
propeller  parameters, including  the  total  propeller  system 
stiffness  hub  impedances,  coupling  between  flapwise  and  in¬ 
plane  response,  effect  of  pitch  angle  and  dynamic  twist,  and 
effect  of  loads  on  propeller  system  stiffness.  Hub  impedances 
are  to  be  calculated  and  used  in  the  analyses. 


3.4.2  Aeroelastic  Instabilities 

The  propeller  blade  shall  be  free  of  aeroelastic  instabilities 
(such  as,  but  not  limited  to, classical  flutter,  stall  flutter, 
divergence,  pitch  lag,  and  pitch  flap  instabilities)  at  all 
propeller  speeds  up  to  1.25  times  the  design  speed  (including 
the  zero  rpm  feathering  propeller  condition) ,  at  all  thrust 
conditions  from  the  maximum  designed  negative  thrust  to  the 
maximum  positive  thrust  (including  the  effect  of  control  re¬ 
quirements),  for  all  environmental  conditions  encompassed  by 
the  design  flight  envelope,  for  all  design  conditions  of  gusts 
and  maneuvers,  and  for  all  aircraft  speeds  up  to  1.15  the  maxi¬ 
mum  design  dive  speed  (1.15  Vj,). 

3.4.3  Balance 

Balance  of  the  hub  blade  and  spinner  shall  be  in  accordance  to 
that  specified  in  MIL-P-26366A. 

3.4.5  Aerodynamic  Balance 

For  the  critical  thrust  and  rpm  conditions,  the  blades  shall 
be  aerodynamically  balanced  within  blade  angle  ±0.1  degree. 

3.4.6  Acoustics 

The  overall  sound  pressure  level  generated  by  the  propeller 
measured  in  the  plane  of  the  prop  at  a  given  distance  shall 
be  specified. 

3.5  WEIGHTS 

The  maximum  weights  for  a  single  propeller  subsystem  shall  be 
specified  as  follows: 

a)  Dry  Weight 

b)  Operating  Fluid 

c)  Ice  Control  Components 

3.6  CONTROL  REQUIREMENTS 

The  propeller  control  shall  be  designed  to  be  compatible  with 
the  engine  control  over  the  full  range  of  operation. 

3.6.1  Basic  Operating  Modes 

The  basic  mode  of  control  will  be  established  for  all  oper¬ 
ating  conditions, including  ground  handling, and  shall  meet  all 
the  requirements  of  MIL-P-26366-A  and  the  additional  conditions 
given  in  this  section. 
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3.6.2  Control  System  Stability  and  Response  Characteristics 

The  control  system  response  characteristics  shall  be  adequate 
to  attain  the  required  steady  state  and  transient  propeller 
performance.  Further,  the  system  as  installed  shall  be  free 
of  instabilities,  dither  and  hunting  for  all  thrust  conditions 
with  control  application  at  the  required  rate. 

3. 6. 2.1  Steady-State  Performance 

Steady-state  performance  shall  be  within  ±0.5  percent  of  the 
speed  set  under  stabilized  flight  conditions. 

3. 6. 2. 2  Propeller  Transients 

The  propeller  system  shall  respond  to  scheduled  control  inputs 
to  maintain  freedom  from  speed  instabilities  in  excess  of 
±0.5  percent. 

3.6.3  Range  and  Rates  of  Pitch  Change 

The  pitch  change  mechanism  shall  control  the  blades  throughout 
all  regimes  of  flight  and  ground  operations  within  the  blade 
angle  limits  specified. 

3. 6. 7. 2  Rate 

The  estimated  rate  of  pitch  change  in  the  governing  range 
shall  be  established. 

3.6.4  Safety 


3. 6. 4.1  Reverse  Thrust 

No  single  failure  or  malfunction  in  either  the  control  unit  or 
pitch  change  mechanism  during  normal  or  emergency  operation 
shall  result  in  unwanted  travel  of  the  propeller  blades  to  a 
position  4  degrees  below  the  normal  flight  low  pitch  limit. 
Propeller  system  components  which  have  a  failure  mode  rate 
less  than  1  x  10~^  per  hour  shall  be  excepted  from  these  re¬ 
quirements. 

3. 6. 4. 2  Overspeed/Underspeed  Protection 

Protection  against  propeller  overspeed  and  underspeed  from 
the  speed  governor  setting  shall  be  provided  to  maintain  pro¬ 
peller  speed  at  controllable  limits  in  the  event  of  failure  of 
the  normal  speed  governor  system.  Overspeed/underspeed  pro¬ 
tection  shall  be  provided  only  for  the  control  assembly  which 
is  selected  to  control  the  propeller  when  the  control  is  in 
the  governing  mode. 
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3. 6. 4. 3  Feathering 


The  pitch  change  mechanism  must  be  capable  of  feathering  the 
propeller  operating  at  120  percent  of  takeoff  rpm. 

3. 6. 4. 4  Unfeathering 

The  pitch  change  mechanism  must  be  capable  of  unfeathering  the 
propeller  operating  at  zero  propeller  rpm. 

3.7  OPERATIONAL  UTILITY  REQUIREMENTS 

For  the  requirements  of  this  section,  a  ratio  of  operating 
hour/flight  hour  shall  be  established. 

3.7.1  Reliability  Numerical  Requirements 

3.7.1. 1  Overhaul  Frequency 

The  propeller  shall  be  designed  for  on-condition  maintenance 
exclusively  during  its  service  life;  scheduled  overhaul  (i.e., 
TBO)  will  not  be  practiced. 

3. 7. 1.2  Unscheduled  Maintenance  Frequency 

The  propeller  subsystem  shall  have  a  Mean  Time  Between 
Unscheduled  Maintenance.  Will  be  specified. 

3. 7. 1.3  Mission  Reliability 

The  propeller  subsystem  probability  of  loss  of  thrust  control 
or  other  requirement  for  propeller  shutdown  shall  be  estab¬ 
lished  for  the  design  mission. 

3.7.2  Maintainability  Requirements 

The  propeller  is  to  be  designed  to  meet  the  following  require¬ 
ments. 


3. 7. 2.1  Mean  Elapsed  Maintenance  Time 

The  Mean  Elapsed  Maintenance  Time  required  to  perform  organi¬ 
zational  level  remove  and  replace  tasks  and  intermediate  level 
repair  tasks  shall  be  established.  The  90  percentile  maximum 
elapsed  task  time  required  to  perform  corrective  and  pre¬ 
ventive  maintenance  (Mmax)  on  the  actuator,  control,  and  pro¬ 
peller  blade  shall  be  specified. 

3.7.3  Operating  Life 

The  propeller  subsystem  shall  have  an  operating  life  estab¬ 
lished  where  operating  life  is  defined  as  the  period  of  time 


148 


during  which  it  is  economically  feasible  to  repair  the 
equipment . 

3.7.4  Environmental 

The  subsystem  shall  operate  with  minimum  degradation  of  per¬ 
formance,  as  specified  during  and  after  exposure  to  the  fol¬ 
lowing  environmental  conditions  and  possible  combinations 
thereof  as  encountered  during  worldwide  ground  and  airborne 
operations. 

3.7.4. 1  Temperature 

The  propeller  shall  withstand  continuous  operation  of  all 
temperature  variations  ranging  from  minus  65°F  through  plus 
160°F  at  sea  level  and  from  minus  65°F  through  plus  30°F  at 
20,000  feet  above  sea  level  and  short-term  exposure  to  temper¬ 
atures  within  the  range  of  minus  80°F  in  the  inoperative  con¬ 
dition. 

3.7.4. 2  Temperature  Shock 

The  unit  shall  be  capable  of  withstanding  sudden  changes  in 
temperature,  from  minus  40°F  through  130°F  of  the  surrounding 
atmosphere  due  to  rapid  altitude  changes. 

3. 7. 4. 3  Humidity 

The  system  shall  withstand  relative  humidities  up  to  100%, 
including  condensation  due  to  temperature  change  and  those 
conditions  under  which  condensation  occurs  in  the  form  of 
frost  as  well  as  water. 

3. 7. 4. 4  Salt  Spray 

The  system  shall  withstand  salt  sea  atmosphere  as  encountered 
along  coastal  regions. 

3. 7. 4. 5  Sand  and  Dust 

The  system  shall  withstand  conditions  of  fine  blowing  sand 
and  dust  particles  as  encountered  in  desert  areas.  The  pro¬ 
tection  system  shall  demonstrate  flightworthiness  of  the 
entire  blade  for  the  acquisition  prop  only  surface  after  oper¬ 
ating  at  the  equivalent  of  l*j  hours  at  takeoff  speed  in  a 
sand  environment  containing  200  milligrams  per  cubic  foot  of 
80%  Si02  having  80%  of  particles  between  40  and  400  microns. 

3. 7. 4. 6  Rain  Damage 

The  system  shall  withstand  conditions  of  rain  impingement  on 
exposed  surfaces. 
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3. 7. 4. 7  Stone  Damage 

Limits  will  be  established  based  on  propeller  installation  and 
expected  operating  condition. 

3. 7. 4. 8  Bird  Strike 

The  propeller  must  withstand  the  impact  of  a  4-lb  bird  enter¬ 
ing  the  plane  of  rotation  at  any  angle,  in  any  operational 
mode,  without  loss  of  propeller  control  or  the  requirement  of 
blade  spar  maintenance. 

3. 7. 4. 9  Fungus 

No  materials  which  are  nutrients  for  fungus  shall  be  used. 

3.7.4.10  Lightning 

The  system  shall  be  capable  of  operating  in  lightning  con¬ 
ditions  per  MIL-B-5087B  (ASG).  Acquisition  phase  blades  shall 
demonstrate  flightworthiness  for  at  least  3  hours  after  a 
200,000-ampere  strike  and  shall  sustain  no  significant  damage 
from  50,000-ampere  strikes. 

3.7.4.11  Icing 

The  ice  control  features  shall  allow  the  propeller  subsystem 
to  operate  satisfactorily  under  the  meteorological  conditions 
specified  in  MIL-P-26366A. 

3.7.4.12  Vibration 

The  system  shall  be  capable  of  withstanding  the  vibration 
levels  prescribed  in  MIL-STD-810B,  Method  514.1,  Category 
(b)  curves  (G)  and  (L)  as  applicable. 

3.7.4.13  Acceleration 

The  propeller  shall  be  capable  of  withstanding  the  shock  levels 
prescribed  in  MIL-STD-810B,  Method  516.1,  Procedure  I,  Figure 
516.1-1  as  applicable  for  acquisition  system  only. 

3.7.5  Survivability 

The  survivability  requirements  for  the  propeller  shall  be 
established  based  on  the  design  mission. 

3.7.7  Human  Engineering  Performance 

Design  standards,  human  capabilities  and  limitations  set  forth 
in  MIL-STD-1471  and  Air  Force  System  Command  Manual  AFSCM  80-3 
shall  be  used  as  guidelines  for  design  details  and  human 


150 


performance  requirements. 

3.7.8  Safety  Requirements 

3.7.8. 1  Fail-Safe  Design  Definition 

A  fail-safe  design  is  one  which  is  capable  of  safe  operation 
m  a  partially  failed  state,  and  which  failure  detection  is 
provided  and  correct  action  can  be  taken  prior  to  reaching  an 
unsafe  condition. 

3.7.8. 2  Safety-Critical  Propeller  Functions 

The  following  propeller  assembly  functions  are  considered 
essential  to  safety  of  flight  and  shall  be  considered  from 
the  prototype  prop  and  shall  be  provided  for  the  acquisition 
prop: 

Blade  retention 

Continuity  of  hub  to  drive  shaft 

Inplace  pitch  lock  which  limits  pitch  change  to  one 
degree  in  event  of  failure  of  pitch  change  system 
Pitch  continuity  to  blades 

Blade  pitch  feathering  except  when  pitch  lock  condition 
exists 

Balance  •. . 

»■  'i 

Loss  of  any  of  the  above  functions  is  classified  as  non- 
tolerable  to  flight  safety. 

3.8  DESIGN  AND  CONSTRUCTION 

3.8.1  General  Design  Features 

The  propeller  subsystem  design  and  construction  shall  comply 
with  or  exceed  the  requirements  of  MIL-P-26356A.  In  addition, 
the  design  should  comply  with  the  features  given  in  the  follow¬ 
ing  paragraphs  and  referenced  specifications. 

3. 8. 1.1  Mounting  Interface 

The  proposed  mounting  interfaces  and  installation  to  and  with¬ 
in  the  engine  nacelle  shall  exhibit  the  necessary  maintain¬ 
ability  characteristics  to  permit  propeller  component 
replacement  in  specified  time.  The  removal  and  reinstallation 
of  the  component/assembly  shall  be  accomplished  by  performing 
only  those  operations  of  manually  loosening  and  fastening 
mounting  hardware  and  assembly  items.  Hoisting  provisions 
shall  be  incorporated  for  handling  large  and/or  heavy  com¬ 
ponents.  Propeller  components  shall  be  designed  to  utilize 
standard  and  general  removal  and  installation  tools. 


« 
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3.8. 1.2  Special  Design  Features 

3. 8. 1.2.1  Rigging 

The  design  shall  be  that  actuator  or  control  units  of  the  sub¬ 
system  can  be  replaced  and  rigged  on  the  aircraft  within  .75 
hour.  It  shall  be  possible  to  replace  the  propeller  major 
components  without  changing  the  aircraft  control  rigging. 

3. 8. 1.2. 2  Test  Points 

The  subassembly  shall  include  provisions  for  test  points.  The 
selection  of  these  test  points  and  parameters  shall  be  evolved 
from  an  approved  maintenance  analysis. 

3. 8. 1.3  Maintainability  Design 

3. 8. 1.3.1  Locking  and  Threaded  Parts 

All  threaded  parts  shall  incorporate  a  positive  locking 
feature  except  for  those  fasteners  for  which  this  provision  is 
proven  unnecessary.  Safety  wiring  (lock  wire)  shall  be  the 
least  desirable  method,  and  shall  be  utilized  only  where  it  is 
proven  that  self-locking  devices,  lock  nuts,  castellated  nuts 
and  cotter  pins  cannot  be  employed. 

3. 8. 1.3. 2  Wire,  Cable  and  Tube  Routing 

Wire,  cable  and  tubes  shall  be  routed  to  avoid  all  areas  of 
extreme  temperatures  and  abrasive  hazards. 

3. 8. 1.3. 3  Removal  and  Installation 

The  removal  and  installation  of  components  and  assembly  shall 
be  accomplished  exclusively  by  loosening  and  fastening  or 
normal  mounting  hardware  and  connectors,  preferably  without 
the  need  for  special  tools. 

3.8.2  Selection  of  Specifications  and  Standards 

Specifications  and  standards  for  necessary  commodities  and 
services  not  specified  herein  shall  be  selected  in  accordance 
with  the  order  or  precedence  set  forth  in  MIL-STD-143. 

3.8.3  Materials,  Parts  and  Processes 


3. 8. 3.1  Materials 

Unless  otherwise  specified  herein,  all  materials  used  in  the 
design  of  the  subsystem  shall  conform  to  the  fo) lowing: 
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3.8.3. 1.1  Electrical  Wire 

Electrical  wire  for  internal  use  shall  conform  to  the  require¬ 
ments  of  MIL-W-22759. 

3.8.31.2  Fluorescent  Materials 

No  materials  shall  be  used  that  will  be  fluorescent  when  sub¬ 
jected  to  ultraviolet  light. 

3.8.3. 1.3  Electrical  Cable 

Electrical  cable  for  internal  use  shall  conform  to  the  require¬ 
ments  of  Htl-W-5088. 

3.8.3. 1.4  Magnetic  Materials 

Highly  stressed  magnetic  materials  shall  be  inspected  in 
accordance  with  MIL-I-6868. 

3. 8. 3. 1.5  Mechanical  Rubber  Components 

Mechanical  rubber  components  shall  be  primarily  of  elastomeric 
materials  which  possess  resistance  to  ozone,  weathering,  and 
j  temperature  effects,  and  shall  be  compatible  with  MIL-H-5606B, 
MIL-L-23699  and  MIL-L-7808  fluids. 

3.8.3. 1.6  Lubrication 

Lubrication  will  be  permanent  and  self-applying  wherever  pos¬ 
sible.  In  no  case  shall  lubrication  requirements  be  more 
frequent  than  150  flight  hours.  All  servicing  functions  will 
be  accomplished  through  quick-access  provisions. 

3. 8. 3. 1.7  Lubricating  Oils 

Lubricating  oils,  used  for  both  lubrication  and  hydraulic  con¬ 
trol  and  power  functions,  shall  conform  to  the  requirements  of 
MIL-L-23699  or  MIL-L-7808. 

3.8.3. 1.8  Preservative  Oils 

Preservative  oils  shall  conform  to  the  requirements  of  MIL-L- 
23699  or  MIL-L-7808  for  internal  protection,  and  MIL-C-11796 
or  MIL-C-16173  for  external  protection. 

3. 8. 3. 2  Parts 

3. 8. 3. 2.1  Hardened  Steel  Parts 

Steel  parts  may  be  hardened  in  order  to  achieve  required  wear 
characteristics. 
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3.8.3. 2. 2  Bosses 


All  internally  threaded  bosses  shall  conform  to  MS  33649. 
Bosses  shall  be  made  deep  enough  or  shall  incorporate  stops 
to  prevent  damage  to  internal  mechanism  or  blockage  of  inter¬ 
nal  passages  when  fittings  are  screwed  into  the  bosses. 

3.8.3. 2.3  Forgings,  Ferrous 

Ferrous  forgings  shall  be  controlled  and  inspected  in  accor¬ 
dance  with  MIL-F-7190  and  MIL-I-6868. 

3.8.3. 2.4  Forgings,  Nonferrous 

Nonferrous  forgings  shall  be  controlled  and  inspected  in 
accordance  with  MIL-T-90^7  and  MIL-A-22771,  as  applicable, 
and  MIL-I-6866. 

3.8.3. 2.5  Castings 

Classification  and  inspection  of  all  castings  shall  be  in 
accordance  with  MIL-C-6021. 

3.8.3. 2.6  Threads 

All  conventional  straight  screw  threads  shall  be  class  3  in 
accordance  with  MIL-S-7742,  except  that  rolled  threads  shall 
conform  to  MIL-S-8879. 

3.8.3. 2.7  Seals 

Seals  shall  be  primarily  of  elastomeric  material  which  con¬ 
forms  to  MS  9241  or  MS  29561.  Backup  rings  of  Teflon  or 
equivalent  material  shall  conform  to  MS  28774. 

3.8.3. 2.8  Packing  Glands 

Packing  glands  shall  conform  to  MIL-P-5514,  except  where  im¬ 
provements  are  required  and  approved. 

3. 8. 3. 2. 9  Lubrication  Fittings 

The  design  of  lubrication  fittings  shall  be  in  accordance 
with  MIL-F-3541. 

4.  PRODUCT  ASSURANCE 

4.1  Inspection  Responsibility 

The  supplier  is  responsible  for  the  performance  of  all  inspec¬ 
tion  requirements  as  specified  herein.  Except  as  otherwise 
specified,  the  supplier  may  utilize  his  own  or  any  other 
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acceptable  inspection  facilities.  Inspection  records  of  the 
examination  and  tests  shall  be  kept  complete  and  be  available. 

4.2  ENGINEERING  DEVELOPMENT  TESTS 

The  inspection  and  testing  of  the  propeller  subsystem  for  the 
prototype  aircraft  propellers  shall  be  classified  as  follows: 

°  Component  tests 

°  Preliminary  flight  release  tests 

4.3  TEST  CONDITIONS 

The  applicable  test  conditions  given  in  MIL-P-26366A  shall 
be  used. 

4.4  COMPONENT  TESTS 

The  supplier  shall  perform  component  testing  as  part  of  the 
prototype  preflight  qualification  program.  This  testing  shall 
include  but  not  be  limited  to  the  following: 

4.4.1  Experimental  Stress  Analysis 

Experimental  stress  analysis  of  the  blade  root  end  and  hub 
barrel  to  define  stress  distribution. 

4.4.2  Fatigue  Test  Blade 

Fatigue  tests  (resonance  type,  zero  mean  stress)  on  two  blades 
at  two  stress  levels  each,  for  107  cycles.  The  lower  of  the 
two  stress  levels  shall  correspond  to  the  maximum  design  load 
for  zero  fatigue  damage. 

4.4.3  Fatigue  Tests  Retention 

Fatigue  tests  of  the  blade  root  retention  system  (four  speci¬ 
mens)  at  two  stress  levels  each,  for  107  cycles.  The  lower 
of  the  two  stress  levels  shall  correspond  to  the  maximum 
design  load  for  zero  fatigue  damage.  This  test  shall  include 
axial  loading  to  simulate  centrifugal  force  and  alternating 
bending. 

4.4.4  Fatigue  Tests  Pitch  Change  System 

Fatigue  tests  on  one  propeller  set  of  pitch  change  mechanism. 
This  test  may  consist  of  the  application  of  design  loads  al¬ 
ternating  between  the  two  sides  of  the  pitch  change  actuator 
with  blades  locked  for  20,000  cycles. 
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4.4.5  Functional  Tests 

Functional  testing  of  the  control  and  propeller  assemblies  and 
of  pumps,  motors,  valves  and  other  components  including  meas¬ 
urement  of  performance  characteristics  (response  rates,  gains, 
lags,  transfer  functions,  etc.) 

4.4.6  Spinner  Tests 

Vibration  tests  of  the  spinner  to  check  resonances. 

4.4.7  Barrel  Tests 


Fatigue  tests  of  the  barrel  tail  shaft  will  be  performed  during 
gearbox  qualification  testing. 

4.5  PRELIMINARY  FLIGHT  RELEASE  TESTS  (PFRT) 

The  propeller  shall  complete  the  preproduction  PFRT  test  in 
accordance  with  Section  4.5  of  MIL-P-26366A.  This  test  may  be 
performed  in  conjunction  with  Engine  PFRT  Testing  per 
MIL-E-8597. 

4.5.1  After  the  50-hour  PFRT  test,  propeller  test  stands  shall 
be  kept  in  operational  readiness  for  solving  control  and  associ¬ 
ated  problems  during  the  aircraft  flight  test  range. 

4.6  ACCREDITATION  TESTS 

The  complete  preproduction  test  shall  be  completed  in  accor¬ 
dance  with  MIL-P-26366A 

5.  PREPARATION  FOR  DELIVERY 

5.1  PRESERVATION,  PACKAGING,  AND  PACKING 

The  propeller  and  components  shall  be  prepared  for  shipment 
and  storage  in  accordance  with  Specification  MIL-P-6074.  The 
contractor  shall  furnish  a  packing  list  with  each  propeller. 

All  parts,  components  and  tools  which  are  not  installed  on  the 
propeller,  but  which  are  shipped  with  the  propeller,  shall  be 
included  on  the  packing  list. 

5.2  MARKING  FOR  SHIPMENT 

In  addition  to  those  marking  requirements  specified  in  Speci¬ 
fication  MIL-P-6074,  interior  packages  and  exterior  shipping 
containers  shall  be  marked  in  accordance  with  Standard 
MIL-STD-129. 
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5.3  COVER  PLATES 


Cover  plates,  coverings  or  plugging  for  all  openings  on  com¬ 
ponents  shall  be  provided  to  preclude  damage  and  contamination 
Plugs  and  covers  used  must  be  of  such  a  design  that  it  is  im¬ 
possible  to  install  a  component  without  first  removing  the 
plug  or  cover. 

6.  NOTES 

6.1  PREVIOUSLY  QUALIFIED  COMPONENTS  AND  ACCESSORIES 

Similarity  of  propeller  components  and  accessories  with  past 
propeller  components  and  accessories  may  form  the  basis  for 
the  deletion  of  specific  tests  or  portions  thereof. 

6.2  SYMBOLS  AND  DEFINITIONS 

Definitions  in  this  specification  are  defined  below: 

6.2.1  Standard  Conditions 

Standard  conditions  are  the  values  of  air  temperature  and 
pressure  given  in  (MIL-STD-210A) .  The  standard  humidity,  for 
the  purpose  of  this  specification,  is  zero  vapor  pressure  at 
all  altitudes. 

6.2.2  Propeller 

A  propeller  consists  of  those  components  necessary  for  primary 
propeller  operation,  including  only  the  items  listed  as  propel 
ler  components  in  Paragraph  3. 1.4. 3  of  this  model  specifi¬ 
cation. 

6.2.3  Deleted 

6.2.4  Propeller  components 

Propeller  components  are  items  of  equipment,  rotating  or  non¬ 
rotating,  furnished  as  parts  of  the  propeller  system  required 
for  propeller  operation. 

6.2.5  Pitch-Changing  Systems 

The  pitch-changing  systems  are  those  systems  comprised  of  all 
the  components  required  to  translate  the  pitch-changing  power 
into  angular  movement. 

6.2.6  Design  Ag 

Aq  is  one  times  propeller  speed  (1  x  P)  excitation  factor, 
where  A  is  the  angularity  of  airflow  into  the  propeller  disc 


in  degrees  and  q  is  the  airplane  dynamic  pressure  in  pounds 
per  square  foot. 

7.  DATA  REQUIREMENTS 

7.1  MODEL  SPECIFICATION 

An  aircraft  propeller  system  model  specification  conforming 
to  Specification  MIL-P-26367  shall  be  submitted.  Where  neces¬ 
sary,  additional  subparagraphs  shall  be  included  in  the  model 
specification  to  show  compliance  with  those  requirements  of 
this  Procurement  Specification  which  are  additional  to  the 
requirements  of  Specification  MIL-P-26366. 

7.2  WORK  STATEMENT 

The  work  statement  provided  shall  be  developed  and  approved. 

7.3  TECHNICAL  DATA 

The  technical  data,  curves,  estimates,  predictions,  drawings, 
reports,  manuals  and  analysis  shall  be  provided  to  sub¬ 
stantiate  that  propeller  performance  and  design  character¬ 
istics  meet  the  requirements  of  this  specification. 


158 


APPENDIX  II 

TWO-DIMENSIONAL  AIRFOIL  DATA 


BASIC  DATA 

The  basic  two-dimensional  airfoil  data  to  be  used  in  strip 
analysis  calculation  is  for  NACA-16  series  sections.  The  data 
covers  a  range  of  thickness  ratios  of  4  to  21%  and  design  lift 
coefficients  of  0  to  .7.  The  lift  data  is  presented  on  Figures 
34  to  83  in  the  form  of  curves  of  Cl  as  a  function  of  free- 
stream  Mach  number  and  angle  of  attack.  The  corresponding  drag 
data  also  is  presented  on  Figures  84  to  133  as  a  function  of 
free-stream  Mach  number  and  operating  lift  coefficient.  The 
data  source  and  procedures  used  to  obtain  this  set  of  data  are 
given  in  the  body  of  the  report  m  the  Aerodynamics  Section. 

To  determine  the  lift  and  drag  coefficients  for  any  airfoil 
,  within  the  range  of  the  data  presented,  linear  interpolation  is 
used  to  account  for  the  changes  of  thickness  ratio  and  design 
lift  coefficient.  The  basic  data  given  on  Figures  84  to  133 
applies  at  Reynolds  numbers  -up  to  2  x  10&. 


THICK  AIRFOILS 


Since  the  basic  data  covers  only  thickness  ratios  up  to  21  per¬ 
cent,  additional  data  are  required  to  find  the  lift  and  drag 
coefficient  of  sections  up  to  a  thickness  ratio  of  1.0.  These 
data  are  needed  as  the  inboard  sections  of  propellers  often 
exceed  the  thickness  ratio  of  21%.  The  data  for  finding  the  lift 
and  drag  coefficients  of  sections  with  thickness  ratios  in 
excess  of  21%  are  given  on  Figures  134  to  163  in  this  appen¬ 
dix.  The  procedures  used  to  calculate  the  lift  and  drag  co¬ 
efficient  at  a  given  condition  are  given  on  Tables  II  and  III. 

Io  account  for  changes  between  NACA  16,  NACA  65  and  NACA  66 
series  sections,  changes  in  Reynolds  number  and  to  find  the 
'ariation  of  the  lift  and  drag  coefficients  when  operating  at 
fjigh  values  of  angle  of  attack,  corrections  to  the  basic  data 
Jave  been  developed.  The  data  used  to  make  these  corrections 
s  given  in  Figures  146  to  163.  The  procedures  to  be  used  to 
’Pply  these  data  are  as  follows: 

Coefficient 

i.  Data  for  NACA  16  series  sections  Figures  34  to  83 
is  read  at  M  =  .30  (for  the  desired  values  of  design 
Cl  and  h/b)  to  obtain  the  low  Mach  number  variation  of 
Cl  with  a  up  to  8°. 
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2.  To  obtain  Cl  data  for  NACA  65  series  airfoils,  add 
the  lift  increment,  ACl65,  to  values  of  Cl  at  all 
angles  of  attach  of  Item  1.  See  Figure  14 6. 

3.  The  value  of  maximum  lift  coefficient  is  determined 
from  Figures  147  to  149  at  the  section  Reynolds 
number  based  on  the  local  section  velocity.  Read 
the  CL  max  for  the  given  section.  Figure  147 

(16  series).  Figure  148  (66  series),  or  Figure  149 

(65  series).  To  this  value  of  C l  max  (cLi  =  °) 
add  the  Cl  at  a  =  0 o  for  M  =  .30  as  evaluated  in 
step  1.  From  Figure  150  determine  the  increment 
in  lift  coefficient  due  to  Mach  number.  For  65 
series  airfoils,  add  the 
ated  in  step  2.  Thus, 

cLmax  ”  jpLrcax  ®  ^Li  =  0j 

v - — — v - ‘ 

Figures  147-149 


ACl65  increment  evalu- 


[CLo  =  0j  +  £  aCLfij  +  |ACL65j 
Step  1  'pig.  150  'FigTl46 


4.  The  stall  angle  of  attack  is  determined  from  Figure  151 
(16  series)  or  Figure  152(65  series).  These  data 

are  for  a  Reynolds  number  of  6  x  10".  To  correct 
for  the  existing  Reynolds  number  at  any  section, 
obtain  the  Aa  from  Figure  153. 

5.  The  variation  of  Cl  with  A  a  beyond  CLmax  is 
obtained  from  Figure  154 . 


Drag  Coefficient 


1.  For  NACA  16  series  sections,  the  drag  coefficient  data 
is  read  from  Figures  84  to  133  at  the  given  section 
Mach  number  for  values  of  Cl  up  to  .80. 

2.  To  obtain  the  drag  coefficient  at  a  =  8°,  Figures  155 
to  160  are  used.  For  a  given  h/b  and  Cli  and 
section  Mach  number,  values  of  Cj)a  =  8°  are  read 

at  a  Reynolds  number  of  1  x  10&  from  Figures  155  to 
160  •  Figures  161  and  162  correct  this  value  to 
the  given  Reynolds  number.  The  change  in  the  drag 
coefficient  at  8°,  AClr0  =  8°,  is  obtained  from 
Figure  161  for  a  given  RN  and  h/b.  This’  is  multi¬ 
plied  by  K  obtained  from  Figure  162  to  account  for 
the  actual  design  Cl* 
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(CD  =  8°)=  (CDa  =  8°)  +  (A  CDRa  =  8°)  (K) 

«  - - - - ' - v - ' 

Fig.  155  to  160  Fig.  161  to  162 

3.  Beyond  a  =  8°  obtain  the  variation  of  Cp  with  a  from 
Figure  163  .  Thus, 

CD  =  (CDa  =  8°)  +  AC0 

Step  2  Figure  163 
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Figure  34.  Two-Dimensional  Lift  Data, 
NACA  16-004  Airfoil. 
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Figure  36.  Two-Dimensional  Lift  Data 

NACA  16-204  Airfoil. 
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NACA  16-006  Airfoil 


Figure  43.  Two-Dimensional  Lift  Data 
NACA  16-206  Airfoil. 
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Figure  51.  Two-Dimensional  Lift  Data 
NACA  16-209  Airfoil. 


Figure  52.  Two-Dimensional  Lift  Data 
NACA  16-309  Airfoil. 
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Figure  53.  Two-Dimensional  Lift  Data, 
NACA  16-409  Airfoil. 


Figure  56.  Two-Dimensional  Lift  Data 
NACA  16-709  Airfoil. 


Figure  57.  Two-Dimensional  Lift  Data 
NACA  16-012  Airfoil. 


Figure  58.  Two-Dimensional  Lift  Data 
NACA  16-112  Airfoil. 
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Figure  59.  Two-Dimensional  Lift  Data, 
NACA  16-212  Airfoil. 


Figure  60.  Two-Dimensional  Lift  Data 
NACA  16-312  Airfoil. 


Figure  61.  Two-Dimensional  Lift  Data 
NACA  16-412  Airfoil. 


Figure  65.  Two-Dimensional  Lift  Data, 
NACA  16-015  Airfoil. 


Figure  67.  Two-Dimensional  Lift  Data. 

NACA  16-215  Airfoil* 


Figure  69.  Two-Dimensional  Lift  Data, 
NACA  16-415  Airfoil. 


Figure  71.  Two-Dimensional  Lift  Data, 
NACA  16-615  Airfoil. 


Figure  72.  Two-Dimensional  Lift  Data 
NACA  16-018  Airfoil. 


Figure  73.  Two-Dimensional  Lift  Data. 

NACA  16-118  Airfoil. 
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Figure  74.  Two-Dimensional  Lift  Data 
NACA  16-218  Airfoil. 


Figure 


Figure  80.  Two-Dimensional  Lift  Data 
NACA  16-221  Airfoil. 


Figure  81.  Two-Dimensional  Lift  Data, 
NACA  16-321  Airfoil. 
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NACA  16-104  Airfoil 
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Figure  87.  Two-Dimensional  Drag  Data, 
NACA  16-304  Airfoil. 
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Figure  89.  Two-Dimensional  Drag  Data. 

NACA  16-504  Airfoil. 


Figure  92.  Two-Dimensional  Drag  Data< 
KACA  16-106  Airfoil. 


16-406  Airfoil 
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Figure  97.  Two-Dimensional  Drag  Data 

NACA  16-606  Airfoil. 


Figure  99.  Two-Dimensional  Drag  Data 
NACA  16-009  Airfoil. 
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Figure  100.  Two-Dimensional  Drag  Data, 
NACA  16-109  Airfoil. 
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Figure  101.  Two-Dimensional  Drag  Data, 
NACA  16-209  Airfoil. 
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Figure  103.  Two-Dimensional  Drag  Data 
NACA  16-409  Airfoil. 


gure  112.  Two-Dimensional  Drag  Data 
NACA  16-512  Airfoil. 
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Figure  117.  Two-Dimensional  Drag  Data, 
NACA  16-215  Airfoil. 
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Figure  121.  Two-Dimensional  Drag  Data 

NACA  16-615  Airfoil. 
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NACA  16-421  Airfoil 


TABLE  II.  CALCULATION  PROCEDURE  FOR  OPERATING  LIFT  COEFFICIENT 
THICK  AIRFOILS  -  25%  TO  100% 
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Reynolds  Number  1.0  x  10 
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Figure  134.  Basic  Low-Speed  Lift  Coefficient  -  CLB 
Symmetrical  Sections  -  25%  to  90%. 
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Figure  137.  Correction  to  Lift  Increment  for  Camber 
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Figure  138. 
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Critical  Mach  Number,  Thiele 
Airfoils,  CL  =  0. 


Figure  143.  Drag  Correction  for  Elliptic  Airfoil  Sections. 
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Figure  147.  Lift  Increment  Correction  to  NACA-1G  Sections 
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Figure  148.  Maximum  Lift  Coefficient  NACA-66  Sections 


Figure  149.  Maximum  Lift  Coefficient  NACA-&5  Sections 


Change  in  Maximum  Lift  Coefficient 
Due  to  Mach  Number. 
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Figure  151.  Angle  of  Attack  at  Stall 


Figure  152.  Angle  of  Attack  at  Stall- 


Change 


Mach  Number 


Figure  156.  Drag  Coefficient  at  8°  Angle  of  Attack 
Thickness  Ratio  =  6%. 
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-16,  -65  or  -66  Airfoils,  Design 


Figure  161.  Change  in  Drag  Coefficient  at 
With  Reynolds  Number. 


Figure  162.  Design  CL  Drag  Factor, 
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APPENDIX  III 

COMPUTER  PROGRAM  PROCEDURE  FOR 
PROPELLER  FORWARD  FLIGHT  STRIP  ANALYSIS 

The  following  generalized  procedure  has  been  developed  for 
calculating  the  performance  of  single-rotation  propellers 
operating  at  the  forward  flight  condition.  This  procedure  has 
been  developed  for  programming  on  high-speed  computers. 

The  input  to  the  program  must  be  available  and  filled  in  on 
Tables  1-1  to  I -10.  a  detailed  description  of  the  input  is 
given  as  follows!  . 


Location 

0001 

0002 

0003 

0004 

0005 

0006 

0007 

0008 

0009 


0010 


INPUT 

Description 

No.  of  flight  conditions  from  this  input 
No.  of  blades 
Propeller  diameter  (FT) 

Altitude  (FT) 

Temperature  °F  (if  2ero  assumes  standard  atmos) 
Radial  station  input  option  1.  standard  2.  input 
Blade  cut  out  (for  option  1) 

No.  of  radial  stations  (for  option  2) 

Velocity  distribution  input  option 
1.  Constant  with  M.  2.  Variable  with  M 

Input  option  for  flight  conditions 
1.  Dimensional.  2.  Nondimensional 


Input  Option  1 


0013 

0014 

0015 

0016 

0017 

0018 

0019 

0020 


Engine  rpm 

Gear  ratio 

Flight  velocity  KTS 

Horsepower 


Delta  flight  velocity  for  succeeding  cases 
Total  No.  of  flight  velocities 
Delta  h.p. 

Total  No.  of  h.ps. ‘s 


0024 

0025 

0026 

0027 

0028 

0029 

0030 


Input  Option  2 

Flight  Mach  No. 

Advance  ratio  J 
CP 

Delta  J 

Total  No.  of  J's 
A  Cp 

Total  No.  of  Cp's 
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COMPUTER  INPUT  FOR  PROPELLER  PERFORMANCE 


Date _  Engineer 


Dept.  Est.  Time 


Title 

□mm 


c 


irmuT m n T2  :i ~n~i n t i  ttxi 

:i x i no 1 1  cm Ti t i r in :i "i :rm 


0001 

0002 

0003 

0004 

0005 

No.  of  cases  from  this  input 
No.  of  blades 
Diameter  (ft) 

Altitude  (ft) 

Temperature  (°F)-if  zero,  assumes  standard  day 


0006 

0007 

0008 

0009 

0010 

Radial  station  input  option,  l.-Std.  2. -Input 
Blade  cut  out  (for  option  1) 

No.  of  radial  stations  (for  option  2) 

Velocity  distribution  input  option  - 

1.  constant  w/Mach  No. 

2.  variable  w/Mach  No. 
Input  option  below  1.  or  2. 


Fill  in  Option  1  or  2,  but  not  both 


fcfcil* 

Option  1 

Engine  rpm 

Gear  ratio 

Flight  velocity  (toots) 

Horsepower 

Delta  flight  velocity  for  succeeding  cases 
Total  No.  of  flight  velocities 

Delta  horsepower 

Total  No.  of  pitch  angles 

taw 

KBB9I 

ttKEEi 

wsssm 

■flaaa 

KEEM 

Option  2 

mm* 

0024 

Flight  Mach  No. 

Advance  ratio  J 

EEE9I 

Cp 

Delta  J 

RI&iDi 

Total  No.  of  J's 

■33EEI 

Delta 

IKEEE1 

Total  No.  of  Cp's 

PROPELLER  PARAMETERS 


Must  be  filled 
in  if  input 

No-  6  =  2 

Table  No.  1-1 

Radial 

Station 

Radial 

Stations 

(r/r0) 

1 

mss 

2 

0032 

3 

0033 

4 

0034 

5 

0035 

6 

0036 

7 

0037 

8 

0038  - 

9 

0039 

10 

0040 

11 

0041 

12 

0042 

Table  No.  1-3 

Table  No.  1-4 

Blade  Chord 
Inches  or 
(x/D)  B/D 

cLi 

■SfflSI 

1  0072 

0092 

0074 

wmm 

0075 

0076 

WFf>£TM 

0077 

■RUSH 

0078 

0098 

0079 

0099 

0080 

__0100_ 

0081 

■srm 

0082 

.  01Q2 

Pill  in  only 
when  input 

No.  9  =  1 

Table 

No. 1-5 

Table 

No. 1-6 

Table 

No. 1-7 

Radial 

Station 

h/b 

Twist 

Airfoil 

Type 

(16  or  65) 

Constant 

Velocity 

Distribution 

Coefficient 

1 

0111 

0131 

ET31 

7 

BTJ1 

2 

0112 

E51 

ESS 

0172 

3 

0113 

rmm 

ESI 

0173 

4 

0114 

EKI 

0154 

0174 

5 

0115 

ES3I 

warn 

0175 

6 

Em 

0156 

0176 

7 

iilU 

EMI 

EE9 

WSSBk 

8 

0118 

0138 

0158 

0178 

9 

013  L 

0139 

ESI 

ESI 

IQ 

0120 

0140 

ESI 

ESI 

11 

0121 

rm* 

0161 

0181 

12 

wmt 

0162 

EE3 

Table  No.  1-1 


1 


Locations  0031  through  0042 
to  be  filled  in  if  loc 
(6)  =  2 


radial  stations 
blank  if  loc 
(6)  =  1 


Table  No.  1-3  Locations  0071  through  0082 


blade  chord 
inches  or  b/D 


Table  No.  1-4 
Table  No.  1-5 

Table  No.  1-6 

Table  No.  1-7 


Locations  0091 
Locations  0111 

Locations  0131 

Locations  0151 


through  0102 
through  0122 

through  0142 

through  0162 


CLi 

thickness  dis¬ 
tribution  h/b 

twist  distri¬ 
bution  0  (x) 

airfoil  type 
16  or  65  series 


Table  No.  1-8  Locations  0171  through  0182  to  be  filled  in 
only  when  input  9=1 
velocity  distribution  coeff.  VDx 


Table  No.  1-9  To  be  filled  in  only  if 
location  9=2. 

Locations  0191  through  0195 
Mach  No. 1 s  at  which  VDx  values 
are  defined. 


Table  No.  I -10  To  be  filled  in  only  if  location 
9=2.  Locations  0196  through 
0287. 

Velocity  distribution  coefficients. 


End  of  Input 


The  computer  method  to  calculate  the  performance  of  propellers 
requires  the  use  of  two-dimensional  airfoil  data  and  the  con¬ 
stants  K(x)  for  finding  the  induced  angle.  This  information 
is  given  in  Appendix  II  and  the  body  of  the  report,  and  has  to 
be  read  and  placed  on  tapes  for  use  as  described  in  the  calcu¬ 
lation  procedure  described  below. 


Calculation  Procedure 


I 

< 


I  ' 


Step  1 


Step  2 


Convert  input  chords  from  inches  to  ft. 

kF  =  binput/l2 

If  input  chords  are  in  form  b/D  compute 


bp  =  (b/D)D  x  =  Xi . Xi2 
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Step  3 


Step  4 

Step  5 


Step  6 

Step  7 
Step  8 

If',  yes 


Read  and  interpolate  CL  and  Cp  data  for 
CLi  and  h/b  combinations  used  on  blade 
x  =  . x^2  store 

For  a  given  blade  No.  B  read  circulation 

constants  from  tape  b^  b2  b3 . b^  for 

each  x  station.  (Use  interpolation  to  find 
values  for  intermediate  x  values). 

Calculate  local  b/D  =  bp/D 
if  input  vs  input  values 


Compute  Activity  Factor 

,-Xn 

AF  =  19P i PPO  /  (b/D)„  x3dx 

16  -ix 


Confute  integrated  design  lift  coeff. 
.x„ 


cLj  =  4 


X1 


dx 


Cl i  =  input  Table  4 


If  input  Option  1  compute  Mf light 

Cp  ACp  AMflight  J  AJ 

If  input  Option  2  compute  dimensional 

values  for  output  later 

Compute  Prop  rpm  =  engine  rpm  x  gear  ratio 
or  from  Mp  J 

*/ 

Compute  atmospheric  conditions 

Test  is  altitude^ /3 6,  089  ft 

a  =  968.465  ft/sec 
M  =  .29603  x  10-6  lb-sec/ft ^ 
f  =  P*  X  io-b(h-h  ) 

H*  =  36,089  ft 
B  =  .2087357  x  10-4 
P  =  .00070612  slugs/ft3 
H  =  operating  altitude 
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If  no  Use  equations 

a  =J  1116.89  1  -  aJ-H/To 

P  =  .00237  (I  -  alH/To)4,2501 

P  =  .37472  x  10-6<l-aVTo)1,5  . 

I  734.658 _ 

1t0(1  -  aVT0)  +  215.97 

al  = 


NOTE;  *  Refers  to  Tropopause 

Subscript  zero  refers  to  sea  level 

Step  9  Calculate  local  Macl>  No. 

M(x)  =  ./2.15111  V2  +  LS* 

a  V  x  3600 

Vx  =  VFKD  x  velocity  dist.  coeff. 

N  =  rpm  (prop) 

VpwD  (mph ) 

If  J  input  V  x  computed  from  J 
Rex  =  bf  M(x) 

Step  10  Read  airfoil  data  (previously  obtained  from 

tape)  and  interpolate  with  respect  to  M(x) 
and  Re(x)  and  store 

Step  11  Compute  advance  ratio 

j  _  101.4  V(KTS) 

ND 

unless  non-dim  input  used 
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Step  12 


Step  13 


Step  14 


Step  15 


Calculate  local  Jx 

Jx  =  Jx  vel  dist  coeff 
for  all  values  of  x 


Compute  Cp 


.0005 )HP 


(  *  o/p )  SHP 


P  (N/1000)3(D/10)5  2000(N/1000)3(D/l0)5 


unless  Cp  input 
Calculate  0O 


=  0O  =  tan" 


for  x  =  .7 


.-1  _ J 


2.19893 


Determine  induced  angle  of  attack  o  ^ 


=  (0.01597  J  +  .0261)  J  +  .00531 


<*i  =  3  (Cp/B )/ (Cp/ o i  ) 
B  =  blade  no. 


Step  16  Compute  initial  0 

0  -  0O  +  a  i 


Step  17  Determine  A 

If  Oc02ll  (0  in  degrees) 

A  =  0.000877  0  +  0.000276 
If  lie  0280 

A  =  (0  -  3393,388)0  +  12847.13 
-131811.1  0  -  993321.1 


A  .  ] 
-■* 

I  ..  ' 


Step  18 


Step  19 

'l 


Step  20 


Step  21 


Step  22 


Calculate  initial  CL 


Cjj  =  1562.5  °  -i'.A 


Determine  a  by  looki  g  up  the  airfoil  data  at 
x  =  0.7  and  using  from  Step  18  and  the 
Mn  &  Re  specified  for  x  =  .7 


Calculate  P^.r/R 


P  r=.7R  =  0  +  0 


Compute  #  correction 
*  =  ^  „7R  '®1.7R 


compute  values  of  /j 


from  Step  19 


0  =  0.0  on  1st 

•  K  iteration 


P(x)  =  P  ^ input  -  *.7Input  +  ‘  '^Qlter- 


$(x)  =  P lx)  +  «  (2nd  and  subsequent) 


Step  23 


Compute  local  solidity  at  each  radial  station 


rx  =  J2B- 


b  =  chord  (x) 


Step  24 


Step  25 


'  N. 


Assume  initial  value  of  inflow  velocity 
w  =  -0.3  (1st  iteration 
Compute  inflow  angle  ; 

0(x)  =  tan-1|\l  +  j) 

J(x)  from  Step  12 


Step  26 


Calculate  local  angle  of  attach 


Step  27 

Step  28 

28(a) 

28(b) 

Step  29 

Step  30 

Step  31 


o  (x)  =  p  (x)  -  0(x) 


Calculate 

J  =  Jjxj(l+  w)  for  all  x 

For  each  x  determine  K(x)  as  follows 

i 

For  given  x  read  bj  bj  b3 . bll  fr.om  tape 

—  J  +  b.  j  * 

If  2.^J  K(x).=  - -j — 1— — —  V 

bgJ  +  bgJ  +  b*7 

If  2.2  J  and  0.75  2K(x)  as  calculated  above 

«s  1.0 

_2 

Recalculate  K(x)  =  bj?  ^  b2J  +  b3 

J  +  bR 

If  2.cJS7.  K(x)  =  — n, - - 

bgj^  +  b1QJ  +  bxl 

Compute  f  Ct  (local) 

I  cm  1  _  2w  (1  +  w)K  (x )  ( 1  -  COS2  0) 

'  L'x  -  =  =  - 

(1  +  Z})  (1  +  ^  COS2  0)cOS  0  , 

Compute  local  CL(X) 

M 

cL(x)  =  <  <rCL^x/,°'x 

I 

Determine  CL(X)  from  airfoil  data  using 
0  (x)  from  Step  26 


m  *  .y  ’VS-fjr1«S* /*>ri 
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p' 


■i.;  •■•'  Ji 


A 


Step  32 


Step  33 


Step  34 


“  CL(X)  (St0p  3i}  ^  ct,(x)  (Stop  3C) 


then  57  =  w  + 


So  to  step  25  and  reiterate 
If  cL(x)(3X)  <  cL(x)  (30) 


w  =  0.1 


Proceed. 


(  a  ch  )x 

cr  X  aX  * 


(~~%h  =  ,„ 


^  ,=  ma  °2  +  ba 


last°i teratrons  Respectively8  penwltin*te  and 


(  o-CiJ,. 

T*7  computed  in  step  30 


°1  &  a2  from  step  26  on  successive 
Iterations 


Solve  for  ma  &  ba 


Solve  for  mB  &  bg 


'L(x)!  =  roB  a!  +  bB 


ci(x)2  =  mB  c2  +  dB 


"L(x)  from  Step  31 


0  from  Step  26 


llanlff  J  h3Ve  th0  sa^ 

significance  as  for  step  33, 


I*-  ’»<  ■>»“ 


W'J ■ti-A 


S3>*^’<  /W 


I®® 


’a® 


#•£ 


/?■£& 


-A-?  7 


'»! 

■Ps-"  v»Jv’  •"  - 


Step  36 
Step  37 


Step  38 


Step  39 


Step  139  (a) 


Step  40 


Step  41 


Step  35  Determine  angle  of  attack  &  c. 


(x)  = 


■bR  _  b- 


:L(x)  =  ma 0  +  ba 


o  from  Stop  35 


Determine  CD(x)  by  table  look¬ 


using  a  (x)  from  Steo  35 


up 


Calculate  0  sin  0  cos  0 
0  =  0(x)  -  «<x) 


(x)  from  35 


w  =  2  /— tan_g J 

1  J  /  rX  1  2 


I  ' 

VI 

J/£x)  from  12 


7 


Conpute  a  x  values 
Ax(l)  =  x(2 )  -  x(l) 


Ax(n)  =  *(n  +  1)  -  x(n  -  1)  l«t  n  «  li 

i  2 


Ax(ll)  =  x (12 )  -  x(ll  ) 
'2 


Calculate  z 
Z 


=  •  x  /  ,  r  2  „,|1  2  1 

2,1  2,  J  1  tjf-2  cof  *]  ilfe 

,11-  •  jr  .  - 

;  t  ”  ( 


•l>  / 


tan0 

If  CL0o;_0j  tan)'  =  Cjj/cl 


A  Cq  =  Cjj  <r  Z 


'Ax  f  1  +  £5.n,.L  1 

; 7  L  tan0  j 
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Step  41(a) 


<320 

"dx  A  Cq/a  x 


Step  42 

Step  43 

Step  44 

Step  45 
'■  ! 

Step1 46 

Step  47 

I 


Test  -  have  all  radial  stations  been 
computed,  if  not  return  to  23  and  do 
next,  x  value . 


Compute  CQ,  Cp  and  CPH 

Cq  =  2  Acq 

Cp  =  2  wCQ 
CPH  =  CP/24*354 


for  each  x  compute  Ac?  and  dC-r/dx 
If  CL  =  0  G 


-2  Cp  <7  z  Ax 
x 


If  CL  /  0  CT  =  2,<rCLAxZ(__i^  _  tanpM 


dG  _  .  _  A 

IT  ~actAx 


Test  -  have  values  of  A  CT  &  dCT/dx  been 
computed  for  all  x's 


Calculate. Ct,.  Cth  and  Thrust 

i 


C'f  =  2ACt,s  CTh  =  CT/7‘752 

CT  p N  D4 


Thrust  = 


3600 


Calculate  efficiency 

V  =  J  CT/Cp  j  step  11 

i  .  CT  step  46 

Cp  step  43 
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